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Abstract 1 

 2 

Ovarian cancer is the deadliest gynaecological malignancy and impacts thousands of lives each 3 

year. High grade serous ovarian carcinoma (HGSOC) represents over 70% of epithelial ovarian 4 

cancers, is responsible for more than 80% of ovarian cancer related deaths and is characterised 5 

by its aggressiveness and poor prognosis. This results primarily from late detection, often after 6 

local metastasis has occurred, and a treatment response trajectory of initial response to surgery 7 

and chemotherapy, followed by relapse with chemotherapy resistant disease. Improved clinical 8 

outcomes require a detailed understanding of the molecular features which underpin ovarian 9 

cancer development, progression, and response to treatment. Through the application of mass 10 

spectrometry (MS) techniques, we provide deep and comprehensive molecular characterisation 11 

of these important features of ovarian cancer. This serves as a foundation for greater 12 

understanding of this disease with the aim of improving clinical outcomes.  13 

In pursuit of a molecular characterisation of precancerous lesions of the endometrium and 14 

fallopian tube, we applied LC-MS/MS and MALDI mass spectrometry imaging (MSI) 15 

proteomics to a rare case study exhibiting pre-cancerous lesions in the endometrium (endometrial 16 

intraepithelial carcinoma (EIC)) and fallopian tube (Serous Tubal Intraepithelial Carcinoma 17 

(STIC)) in the absence of developed cancer. Tissue from the fallopian tube was selected as 18 

studies have demonstrated that HGSOC does not develop in the ovary, but rather develops as 19 

STIC precancerous lesions in the fallopian tube. Through the development of precise sample 20 

acquisition and novel sample preparation methods, we were able to delineate between cancers 21 

and non-cancerous tissue with MSI and identify proteins in these precancerous samples, and 22 

adjacent healthy tissue. Further analysis revealed numerous metastasis associated proteins 23 

enriched in precancerous tissues compared to healthy. The development of sample preparation 24 

and MS techniques, in conjunction with identification of relevant proteomic drivers of cancer 25 

progression, provide a foundation for further molecular investigation of precancerous 26 

development of both HGSOC and endometrial cancer. 27 

The major barrier to effective treatment of ovarian cancer remains the acquired resistance to 28 

platinum-based chemotherapy, such as carboplatin (CBP). This is known to occur through 29 

various mechanisms including, but not limited to, increased drug efflux, altered cellular 30 

metabolism, altered apoptotic pathways, and improved DNA repair. However, despite this 31 

knowledge, attempts to predict chemotherapy response based on molecular features of the cancer 32 

have been unsuccessful. To address this, we applied MS analyses of proteins and metabolites to 33 

ovarian cancer cell lines and their CBP resistant pairs. Through unbiased statistical analysis we 34 

were able to separate parental from resistant cells based on their molecular profile and identify 35 

molecular and metabolic pathways which were perturbed in chemoresistant cells. However, we 36 

also identified the challenges of significant molecular heterogeneity between cell lines. This 37 

challenge was further emphasised by a proteomic MS analysis of patient derived primary cells 38 

from a chemoresistant and chemosensitive patient.  39 
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The progression of ovarian cancer is facilitated by its immediate access to the peritoneal cavity 1 

which allows for cancer cells to shed from the primary tumour at an early stage and establish 2 

distant metastatic implants. To promote the survival of cancer cells in this cavity, HGSOC forms 3 

cellular aggregates within the peritoneal fluid called multicellular tumour spheroids (MCTS). 4 

These structures are resistant to chemotherapy, avoid cytoreductive surgery and are thought to 5 

represent a niche from which the cancer can re-establish itself after treatment. Further, there is 6 

significant interest in the use of an in vitro model of cancer spheroids for replicating both ovarian 7 

cancer MCTS and numerous features of solid tumours. We reviewed MS analyses of both in 8 

vitro generated MCTS and primary ovarian MCTS with the aim of understanding the molecular 9 

underpinning of their treatment response and metastatic capacity. This is concluded with a 10 

presentation of the first proteomic MALDI MSI analysis of a MCTS derived from primary 11 

patient samples in which we were able to employ spatially defined molecular features to 12 

delineate between different regions of the spheroid.  13 

There is growing interest in the use of in vitro MCTS as a model to test novel anti-cancer 14 

compounds. These structures have the advantage or replicating numerous features of solid 15 

tumours including barriers to drug penetration. Utilising MCTS, we performed a pilot study 16 

investigating the penetration of a novel CDK4/6 inhibitor (CDDD2-94) with MALDI MSI. 17 

Through this analysis we were able to clearly monitor the accumulation of the drug in different 18 

areas of the MCTS over time representing the first steps in the use of MALDI MSI to monitor 19 

drug penetration in in vitro MCTS.  20 

Distant origins, complex responses to therapy and the formation of free-floating cancer 21 

aggregates all contribute to the challenges of understanding, detecting and effectively treating 22 

ovarian cancer, and particularly HGSOC. This is reflected in the modest improvements in patient 23 

outcomes in the last 30 years, despite significant efforts by the scientific community. Through 24 

the application of advanced MS based analysis techniques, we provide comprehensive molecular 25 

information about important features in HGSOC development, treatment response and malignant 26 

progression. This sets the foundation for further research which aims to understand the early 27 

molecular events in this disease, characterise and predict chemotherapy response and advise 28 

treatment approaches which account for the molecular heterogeneity and unusual metastatic 29 

progression. 30 
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1. Ovarian Cancer Introduction 1 

Ovarian cancer (OC) is the eighth most common cancer in women and the third most common 2 

gynaecological cancer [1]. It has the worst prognosis and highest mortality rate among 3 

gynaecological cancers [2] with over 21000 new cases and more than 13000 deaths in the USA 4 

alone in 2020 [3]. It represents 3.4% of all cancers and 4.4% of cancer related mortality in women 5 

[4] with a five year survival rate of less than 35% [5, 6]. It typically effects women over the age 6 

of 65 [7] with risk factors including menstrual related factors [8], family history of breast cancer 7 

or ovarian cancer [9], mutations in tumour suppressor genes [10], particularly in breast cancer 8 

susceptibility (BRCA) genes [11], and obesity [12], while socio economic status is a significant 9 

predictor of mortality [13]. Ovarian cancer is commonly diagnosed at an advanced stage, where 10 

the primary tumour is no longer confined to the original site which is a major contributor to the 11 

high mortality rates from this cancer [14].  12 

1.1. Ovarian Cancer Subtypes and Their Precursors  13 

Ovarian cancer is a highly heterogenous disease with diverse risk factors, development, 14 

progression, molecular features, and treatment response observed between subtypes. OC is divided 15 

into two main subtypes: epithelial and germ cell OC [15]. Germ cell OC is responsible for 20-25% 16 

of ovarian neoplasms, but only 3-5% of these are malignant [16]. They account for the majority of 17 

OC in premenarchal girls and a high proportion of ovarian neoplasms in women under 20 [17]. 18 

These cancers are often diagnosed early and have a generally favourable prognosis [18-20]. Germ 19 

cell OC will not be discussed further in this thesis, but their subtypes and prognoses are reviewed 20 

here: [21].  21 

Epithelial ovarian tumours (EOC) comprise over 90% of ovarian cancers [22, 23] and have 22 

traditionally been separated into type 1 and type 2 based on their pathways of tumorigenesis [24]. 23 

Originally, this separation was based on the observation that type 1 ovarian carcinomas are ‘low 24 

grade’, being slow to develop and metastasise, and developed in a stepwise manner from well -25 

defined precursor lesions [25]. In contrast, type 2 ovarian carcinomas are ‘high grade’, evolve 26 

rapidly and metastasise early, and develop de novo from a, at the time, unknown precursor [25].  27 

1.1.1. Type 1 Ovarian Cancer 28 

Type 1 EOC are low grade and well differentiated cancers and include low grade serous carcinoma 29 

(LGSOC), endometrioid ovarian carcinoma (EnOC), clear cell ovarian carcinoma (CCOC) and 30 

mucinous ovarian carcinoma (MOC) [26]. Generally, these cancers exhibit somatic mutations in 31 

Kirsten rat sarcoma viral oncogene homolog (KRAS), B-Raf Proto-Oncogene, serine/threonine 32 

kinase (BRAF) or Erb-B2 receptor Tyrosine Kinase (ERBB2) and lack Tumour Protein (TP53) 33 

mutations (Table 1). They are predicted to arise from borderline lesions of the ovary and are 34 

typically identified at an early stage and often associated with a good prognosis [27]. However, 35 

each of these subtypes are distinct diseases, often with unique histological, genetic, and molecular 36 

features, prevalence, disease progression and site of origin. Despite varied responses, all ovarian 37 

cancer subtypes currently receive the same standard first line chemotherapy of a platinum agent 38 

combined with a taxane [28]. 39 
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1.1.1.1. Endometrioid Ovarian Cancer (EnOC) 1 

EnOC is a rare subtype of ovarian cancer, representing approximately 10% of all surface ovarian 2 

carcinomas [29]. They are commonly detected at an early stage [30] and are associated with 3 

endometriosis and synchronous endometrioid endometrial carcinoma (EEC) [31, 32]. 4 

Synchronous EnOC and EEC can appear so similar that it is sometimes not possible to determine 5 

whether they are two separate carcinomas or one is a metastatic implant from the other [33] 6 

however, there is clear genomic and molecular evidence that EnOC can be of endometrial origin 7 

[34]. EnOC is histologically characterised by squamous morules, mucinous differentiation, clear 8 

cell change, spindle morphology and secretory change  [30] (Table 1). EnOC often have somatic 9 

mutations in catenin β1 (CTNNB1) and phosphatase and tensin homolog (PTEN) genes [35]. 10 

However, EnOC, in the absence of EEC, have been seen to be heterogenous at a mutational level 11 

in a similar manner to EEC [36], albeit with different frequencies of common mutations [37]. 12 

While most EnOC patients have a favourable outcome, there is a subset where the outcome is poor 13 

[38], potentially reflecting a molecular and genetic subtype of EnOC with differential patient 14 

outcomes based on diverse molecular features. 15 

1.1.1.2. Clear Cell Ovarian Cancer (CCOC) 16 

CCOC is a distinct disease from epithelial ovarian cancer in terms of histological and genomic 17 

features [39] and is suggested to have a unique biological phenotype compared to other ovarian 18 

cancers [40]. It is a rare cancer, with incidence rates below 5% of all ovarian epithelial cancers. 19 

However, it is significantly more prevalent in east Asian populations, although the reason for this 20 

remains unclear [41]. 21 

This cancer is commonly detected at an early stage  [42] where it has a good prognosis. In the rare 22 

cases that CCOC is detected at a late stage the prognosis is very poor [41]. Both atypical 23 

endometriosis and atypical adenofibridoma are considered precursor lesions for CCOC [43, 44] 24 

and CCOC is histologically characterised by glycogen containing cells with abundant clear 25 

cytoplasm [30] combined with tubules, solid areas, and complex papillae [45] (Table 1).  26 

CCOC has molecular features of being cytokeratin 7 (CK7) positive, B-lymphocyte antigen CD20 27 

(CD20) and Wilm’s tumour protein 1 (WT1) negative, estrogen receptor (ER) and progresterone 28 

receptor (PR) negative [46]. Its genetic features include a lack of TP53 and BRCA1/2 mutations 29 

and the presence of AT-Rich Interactive Domain-Containing Protein 1A (ARID1A) and 30 

Phosphoinositide 3-Kinase (PI3K) mutations [47]. This ovarian cancer subtype commonly exhibits 31 

resistance to treatment with standard platinum/taxane chemotherapy raising questions about the 32 

usefulness of this treatment approach for CCOC [48].  33 

1.1.1.3. Mucinous Ovarian Cancer (MOC) 34 

MOC was previously thought to be the second most common ovarian cancer until it was identified 35 

that many cases identified as MOC were, in fact, metastatic implants from cancers of the 36 

gastrointestinal tract [49]. With advances in our understanding of MOC morphology and 37 

immunohistochemical markers, there has been a significant reduction in the reported incidence of 38 

MOC [49] which is now believed to represent less than 3% of all epithelial ovarian carcinomas 39 

[50]. It has a favourable prognosis when found at an early stage while the prognosis is worse when 40 
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found late [51-53] and is significantly worse than the prognosis of serous ovarian tumours found 1 

at a similar late stage [54]. MOC can be difficult to identify as it commonly expresses lower levels 2 

of Carbohydrate Antigen 125 (CA125), a commonly utilised blood biomarker for ovarian cancers, 3 

than other ovarian cancers and the correct diagnosis is often only revealed upon surgical 4 

intervention [55, 56]. 5 

Histologically, MOC is heterogenous, commonly containing benign, borderline, invasive and non-6 

invasive components in the same tumour  [45]. It is characterized by molecular alterations in 7 

KRAS which can be observed in benign, borderline and carcinoma components [57-59]. MOC has 8 

an immunophenotype of CK7 positive, CK20 negative, ER negative, PR negative and WT1 9 

negative (Table 1). 10 

Borderline mucinous lesions have been reported as the precursor for MOC [27], however it is also 11 

frequently associated with endometriosis [30].  12 

1.1.1.4. Low Grade Serous Ovarian Cancer (LGSOC) 13 

Serous ovarian carcinomas represent the majority of epithelial ovarian cancers and are divided into 14 

LGSOC and high grade serous ovarian carcinoma (HGSOC) based on their progression and 15 

treatment response [25]. LGSOC represent 10% of serous ovarian carcinomas [60] and is 16 

diagnosed on average of 7-10 years earlier than HGSOC [61].  17 

Major risk factors for LGSOC include the use of ovulation inducing drugs and the presence of 18 

advanced borderline tumours [62]. It is hypothesised that LGSOC develop in a step wise manner 19 

from adenofibridoma to serous borderline tumour to non-invasive micropapillary serous 20 

carcinoma (MPSC) before developing into LGSOC [63]. This is supported by the observation that 21 

invasive LGSOC are associated with non-invasive MPSC in three out of four cases [64], and 22 

through genomic expression analysis, which has demonstrated that LGSOC and borderline 23 

tumours are genomically similar [65]. Further, borderline tumour which relapse after treatment 24 

often do so as LGSOC [66].  25 

Genomically, LGSOC differs from HGSOC in their increased expression of ER, PR, paired box 26 

gene 2 (PAX2), anterior gradient homologue 3 (ARG3), insulin growth factor 1 (IGF-1) and 27 

greater chromosomal instability [67, 68]. Further, LGSOC expresses far less P53 mutations 28 

compared to HGSOC [63] and is best characterised by KRAS and BRAF mutations, however the 29 

presence of these mutations appear to be a positive prognostic factor [69]. 30 

Platinum and taxane chemotherapy remain the standard chemotherapy treatment for LGSOC 31 

despite, similar to other type 1 ovarian cancers, LGSOC being relatively insensitive to this first 32 

line treatment [67]. One study of 58 patients with LGSOC found that only 3.7% of patients 33 

responded to standard first line chemotherapy [70]. Despite this, LGSOC, while often diagnosed 34 

at a similar late stage as HGSOC (Stage 3) [71], has a mean survival time almost twice as long and 35 

a 5 year survival rate of 75% for LGSOC compared to 15% for HGSOC [72]. This is due to slower 36 

growth of LGSOC and the observation that the status of no residual disease after surgery is more 37 

likely to be achieved in LGSOC compared to HGSOC [73]. 38 
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1.1.2. Type 2 Ovarian Cancer 1 

In contrast to type 1 ovarian cancers, type 2 ovarian cancers are generally highly aggressive, high 2 

grade carcinomas characterised by TP53 mutations [74], chromosomal instability [75] and a 3 

propensity for metastasis. Type 2 ovarian cancers are comprised of undifferentiated carcinoma, 4 

carcinosarcoma and HGSOC. Of these, HGSOC comprises 75-80% of cases [64] are generally 5 

detected at a late stage and are responsible for the majority all ovarian cancer deaths [27]. For this 6 

reason, HGSOC have been the primary focus of medical and scientific research into ovarian cancer 7 

and will be the primary focus of this thesis. 8 

1.1.2.1. High Grade Serous Ovarian Cancer (HGSOC) 9 

HGSOC are characterised by histological characteristics of papillary, glandular, solid, and 10 

transitional patterns [30]. Their immunohistochemistry stain positive for CK7, PAX8 and WT1 11 

and negative for CK20 [27]. They are characterised by high degrees of nuclear atypica and present 12 

with large, hyperchromatic and pleomorphic nuclei with multinucleation in some cases [76]. They 13 

are further separated from LGSOC by a high mitotic index reflecting their accelerated rate of 14 

growth [77]. 15 

HGSOC are genomically characterised by recurrent mutations in TP53, BRCA1 (96% of cases) 16 

and BRCA2 (22% of cases) [64]. Additionally, 50% of HGSOC are homologous recombination 17 

(HR) defective [78] and more than 100 recurrent amplifications and deletions have been identified, 18 

representing a high degree of somatic copy number and structural variations [79-81]. 19 

In recent years, these subtypes have been shown to be inadequate to describe the complexity of 20 

ovarian cancer with HGSOC being divided into further molecular subtypes based on gene 21 

expression profiling, which are associated with different clinical outcomes [82]. The Cancer 22 

Genome Atlas (TCGA) identified four robust HGSOC subtypes: Immunoreactive, Differentiated, 23 

Proliferative and Mesenchymal based on mRNA expression [81]. These subtypes have been 24 

independently validated and shown to have independent prognostic value [82]. They were further 25 

refined to a 100 gene signature which can predict these HGSOC subtypes [83]. More recently, less 26 

common ovarian cancer subtypes, including CCOC, have also been subdivided into further 27 

specific subtypes based on gene expression profiles [84], demonstrating the molecular and 28 

genomic heterogeneity between, and within, different ovarian cancer subtypes.  29 

Late detection is a key characteristic of HGSOC and less than 20% of HGSOC are diagnosed in 30 

stage I or II [85]. This is also a key factor in patient prognosis with the 10 year survival rates of 31 

patients diagnosed with late stage HGSOC being around 15% compared to 55% for those 32 

diagnosed with  early stage disease [85]. Almost all HGSOC patients undergo the same treatment 33 

regime starting with debulking surgery followed by cytotoxic chemotherapy [86]. The first line 34 

chemotherapy regime for HGSOC is identical to other EOCs [87], is comprised of carboplatin and 35 

paclitaxel and has remained relatively unchanged since the 1990s [88]. 36 

Unlike other subtypes of EOC, HGSOC respond favourably to first line chemotherapy in 70% 37 

cases [89]. However, it is estimated that more than 80% of those who respond favourably will 38 

eventually relapse [86]. Upon relapse patients are typically re-treated with the standard 39 

chemotherapy regimen of carboplatin and paclitaxel and approximately 50% of patients still 40 
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respond to this treatment [86]. However, this is not curative, and progression free survival (PFS) 1 

decreases with each successive platinum therapy [86]. Overall, more than 80% of patients 2 

diagnosed with advanced disease will develop resistance to treatment which is a major contributing 3 

factor to the high rates of mortality related to HGSOC [90].  4 

Table 1: Subtypes of epithelial ovarian cancer: histological features, immuno-histochemical features, 5 
precursor lesions, molecular aberrations, prognosis, and primary chemo response.  6 

  LGSOC HGSOC MOC EnOC CCOC 

Frequency out of all 
EOC 

10% 70% <3% 10% 5% 

Histology Small papillae 

with cells of 
uniform nuclei 

and various 
amounts of 

hyalinized 
stroma; 
psammoma 
bodies. 

Papillary and 

solid growth; 
large 

mononuclear 
cells; 

pleomorphic 
nuclei with 
prominent 
nucleoli and 

mitotic 
activity. 

Heterogeneous; 

often composed of 
benign, 

borderline, non-
invasive, and 

invasive 
components. 

Cystic or 

predominantly 
solid. Squamous 

morules, 
mucinous 

differentiation, 
clear cell change, 
spindle 
morphology and 

secretory change  
[30] 

Mixture of tubules, 

solid areas, and 
complex papillae; cells 

with prominent 
nucleoli and clear 

cytoplasm filled with 
glycogen. 

Immunophenotype CK7+, WT1+, 
ER+ 

CK7+, CK20-
, PAX8+, 

WT1+ 

CK7+, CK20-, 
ER-, PR-, WT1- 

CK7+, PAX8+, 
CK20-, WT1- 

Napsin A+, WT1-, 
p53-, ER- 

Precursor Lesion Low grade 

malignant 
potential lesions 

STIC Borderline 

Mucinous Lesions 

Endometriosis Endometriosis and 

adenofibridoma 

Molecular 

Aberrations 

KRAS, BRAF, 

MAPK active 

TP53, 
BRCA1/2, 

HRD 

KRAS, HER2  ARID1A, PTEN, 
KRAS, PI3K, 

Wnt/β-catenin 
activation 

ARID1A, PI3K/PKB 

activation, RTK/Ras 

activation, MMR 

Prognosis Intermediate Poor Good Favourable Intermediate 

Primary Chemo 
response  

Resistant Sensitive Resistant Sensitive Resistant 

Primary chemo response reflects the typical response to first line combination therapy with carboplatin and paclitaxel. 
Resistant = PFS< 6 months and sensitive = PFS> 6 months. General from [50] and [27], histology from [45], [30] and [39].  

 7 

1.1.2.2. Origins of High Grade Serous Ovarian Cancer 8 

As described above, type 2 ovarian carcinomas, which are predominantly HGSOC, were originally 9 

characterised by the lack of a clear precursor lesion [25]. This is due to HGSOC generally being 10 

identified at a late stage, after metastatic spread, making clear identification of a precursor lesions 11 

highly infrequent, hindering the ability to accurately identify the origin of the disease [91]. It was 12 

initially assumed that the ovary was the disease origin of HGSOC, as most HGSOC patients, even 13 

those identified at an early stage, featured the cancerous involvement of the ovary [92]. This gave 14 

rise to the “incessant ovulation theory” [93] which postulated that ovulation gave rise to constant 15 

repair and regeneration of the ovarian surface epithelium (OSE) which in turn created a pro 16 

inflammatory and pro-oxidative microenvironment which promotes DNA damage [91, 93, 94]. It 17 

was postulated that, in cells which have impaired DNA damage repair mechanisms, as is common 18 

in HGSOC, this would result in carcinogenesis [94], culminating in the development of HGSOC 19 

in the ovary. This theory was supported by the discovery of cortical inclusion cysts (CICs) which 20 
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are invaginated sections of the OSE thought to facilitate the neoplastic transition of the OSE 1 

surrounding a CIC [94] representing a potential developmental pathway for ovarian origin 2 

HGSOC. 3 

However, some scientific evidence raises questions about this theory of HGSOC origin. For 4 

example, HGSOC cells more closely resemble tissues developmentally derived from the Müllerian 5 

duct [95-97], which includes the uterus and fallopian tubes, but not the ovaries. It has been 6 

postulated that the OSE can undergo metaplasia to resemble Müllerian derived tissue [95, 96], and 7 

this has been mechanistically demonstrated in vitro [98]. However, in 1999 it was first argued that 8 

HGSOC in fact originates from a tissue of Müllerian origin as there remained minimal evidence 9 

that the OSE is capable of metaplastic transformation. In addition, there remained a lack of an 10 

observable HGSOC precursor lesion in the ovaries and it was observed that primary peritoneal 11 

carcinoma, which were clinically indistinguishable from HGSOC, could arise without the 12 

involvement of the ovary [99]. 13 

With the advent of risk reducing salpingo-oopherectomy (surgical removal of both the fallopian 14 

tubes and ovaries) for patients with BRCA mutations, small dysplastic lesions were discovered in 15 

the fallopian tube which morphologically resembled HGSOC [100]. These lesions, classified as 16 

serous tubal intraepithelial carcinoma (STIC), are characterized by high nuclear p53, positive γ-17 

H2AX staining (indicating DNA damage) and lack of Ki-67 staining (indicating low proliferation) 18 

[101]. They are further characterized by malignant features including enlarged nuclei, dark 19 

staining of the nucleus (hyperchromasia) and coarse chromatin aggregates and prominent nucleoli 20 

[102, 103], which are also characteristics found in HGSC [104].  A recent multi-centre study 21 

demonstrated that, with extensive examination of surgically removed fallopian tubes, STIC, and 22 

their precursors ‘p53 signatures’, were detected in 10% and 27% of fallopian tubes from BRCA1 23 

and BRCA2 carriers respectively [105].  24 

Most STIC lesions have high levels of p53 staining [106] and p53 mutations [107], a defining 25 

characteristic of HGSOC. These lesions share further genomic similarities with HGSOC including 26 

genomic instability [108, 109] and predisposition to BRCA1, BRCA2 and PTEN alterations [109]. 27 

In instances where both HGSOC and STIC tissue were available for analysis, many STIC were 28 

identified as having identical TP53 mutations as concurrent HGSOC [107]. This is supported by 29 

STIC and HGSOC sharing similar immunophenotypes [110] and proteomes [111].  30 

Further to this, in approximately 60% of HGSOC cases, concurrent STIC is identified in the 31 

fallopian tube [103, 112]. Based on these data, one could hypothesize that STIC either develops 32 

into HGSOC within the fallopian tube before migrating to the ovary, or it sheds from the fallopian 33 

tube at a premalignant stage, imbeds into the ovary and there develops into HGSOC [104, 113]. 34 

Further evidence in support of this model is that removal of the fallopian tubes alone reduces the 35 

risk of ovarian cancer across the population by 35-50% [114].  This is not in opposition to the 36 

hypothesis that a greater number of ovulation cycles are associated with a greater risk of HGSOC 37 

development, as the fallopian tube epithelium, especially those near the fimbriated end, where 38 

STIC is most common, are directly exposed to follicular fluids directly after ovulation [115]. These 39 

fluids contain reactive oxygen species and other genotoxic substances which can cause DNA 40 
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damage [116]. When combined with impaired DNA repair pathways, as in the case of BRCA 1 

deficient individuals [115], this can result in carcinogenesis. 2 

Recently a mouse model, utilising p53, Dicer1, Pten and Anti-Müllerian Hormone Receptor 3 

(Amhr2) mutations, similar mutations as those observed in human HGSOC, was able to replicate 4 

HGSOC development. This included development within the fallopian tube and envelopment of 5 

the ovary followed by aggressive metastasis throughout the peritoneal cavity in a process which 6 

closely resembles the metastatic progression of human HGSOC [117, 118]. In conjunction with 7 

the growing evidence over the past two decades, this has changed how we understand the early 8 

stages of serous ovarian cancer and suggests that, considering HGSOC is often found in the 9 

presence of peritoneal metastasis, serous cancers of the ovary, peritoneum and fallopian tube may 10 

share common origins in the fallopian tube epithelium [119].  11 

However, the above mouse model also demonstrated that, even when the fallopian tubes are 12 

removed, HGSOC can still develop within the ovary [118]. There is evidence that HGSOC which 13 

are not related to STIC can arise from concurrent borderline tumours or  LGSOC located on the 14 

ovary [120, 121]. These precursors, along with ovarian CICs and endosalpingiosis, are derivatives 15 

of the fallopian epithelium [122]. This is supported by the observation that LGSOC and CICs gene 16 

expression is more closely related to fallopian tube epithelium than they are to OSE [123]. This 17 

represents a second pathway of HGSOC development which is also related to tissue of the fallopian 18 

tube [115]. The existence of two pathways of HGSOC development is supported by the 19 

observation that HGSOC with and without STIC cannot be clearly separated based on their 20 

transcriptome and miRNA profiles [124]. 21 

The understanding that HGSOC can develop from precursors in the fallopian tube represents a 22 

paradigm shift in how the development of ovarian cancer is understood. This has significant 23 

implications for the early detection and treatment approach and, subsequently, prevention of 24 

ovarian cancer.  25 

1.2. Ovarian Cancer Risk Factors, Diagnoses, Staging and Screening 26 

Despite the diversity of ovarian cancer subtypes, their progression and response to treatment, 27 

early detection and early intervention consistently results in improved patient outcomes. 28 

Specifically, ovarian cancer confined to the ovaries (stage I) can be cured in up to 90% of cases 29 

and disease confined to the pelvis (stage II) is associated with a 5-year survival rate of 70%. In 30 

contrast, disease which has spread beyond the pelvis (stage III-IV) has a long-term survival rate 31 

of less than 20% [125]. However, in EOC early detection is uncommon, with only 20% of 32 

ovarian cancers diagnosed in Stage I-II [126]. This is epitomised by HGSOC which is only rarely 33 

detected before extensive spread throughout the peritoneal cavity. This highlights the importance 34 

of identifying risk factors, early diagnosis, population screening and effective staging of ovarian 35 

cancer to facilitate effective surgical and therapeutic interventions. 36 

1.2.1. Risk Factors 37 

Ovarian cancer is typically a post-menopausal disease [127, 128] and its incidence increases 38 

significantly in women over 65 years of age [7]. Older age at diagnosis is associated with more 39 

advanced disease and lower survival rates [128, 129] with age of onset beyond 64 being a major 40 
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predictor of mortality [130]. It is expected that this is the result of post-menopausal risk factors, 1 

late detection, and the limitation in aggressive treatment options for this cohort [130]. 2 

An inverse relationship has been observed between the number of ovulation cycles and the risk of 3 

OC [131, 132]. This suggests that anything that lowers the lifetime rate of ovulation, including 4 

early menopause, pregnancy [132-137] and oral contraceptives [8, 138-140], lowers the risk of OC 5 

[93] (Figure 1). This observation gave rise to the ‘incessant ovulation’ theory of OC development, 6 

as described above [141]. However, it has been observed that lack of ovulations due to menstrual 7 

disorders is also associated with increased risk of OC [142], suggesting a more complex 8 

relationship between ovulation and OC. 9 

Incessant ovulation results in inflammation in the ovarian epithelium and this inflammation has 10 

been linked to the development of ovarian cancer [143] (Figure 1). Other factors which increase 11 

inflammation, including endometriosis [144], benign ovarian cysts [145] and chronic pelvic 12 

inflammatory disease [146], are linked to the development of ovarian cancer. Further, obesity and 13 

a high fat diet are risk factors for OC occurrence and mortality [12, 132, 147]. It is expected that 14 

this linked to increased levels of oestrogen and progesterone, which are both synthesised from 15 

cholesterol [148], and play an important role in triggering ovulation. Further, leptins, released from 16 

adipose tissue in response to high lipid levels in blood, stimulate the releases luteinising hormone 17 

[149] which, when in high abundance, results in immature release of the ovum and further 18 

increased oestrogen production. Together this gives rise to improper re-epithelisation of the ovary 19 

which can result in abnormal cell growth which can develop into cancer [150]. 20 

Family history of breast or ovarian cancer is the single most influential risk factor for OC [9] 21 

(Figure 1). A woman with a single first degree relative diagnosed with ovarian cancer has a 22 

threefold greater risk of developing OC in her lifetime [151, 152], primarily due to hereditary 23 

mutations in tumour suppressor genes [10] (Figure 1). The most well characterised of these is 24 

BRCA1 and BRCA2 germline mutations which account for 14% of all epithelial OC and 17% of 25 

HGSOC [153]. Further, BRCA1 and BRCA2 mutations account for 65-85% of all familial ovarian 26 

cancers [11]. A women with a BRCA1 mutation has a 40% chance of developing ovarian cancer 27 

in her lifetime while a women with a BRCA2 mutation has a 11-18% chance [154, 155]. Patients 28 

with BRCA1 or BRCA2 mutations are more likely to develop HGSOC than other ovarian cancer 29 

subtypes [156] and are more likely to have ovarian cancer detected at a late stage than non BRCA1 30 

or BRCA2 mutation carrying women [153]. The role of these genes in DNA repair and 31 

transcriptional regulation in response to DNA damage are well characterised and expected to 32 

underpin their contribution to cancer development [157]. The impaired DNA repair response 33 

present in cancer with BRCA1 and BRCA2 mutations is expected to contribute to increased 34 

sensitivity to platinum-based chemotherapy, which acts primarily through damaging the DNA 35 

double helix. This is reflected in cancer with BRCA1 and BRCA2 mutations having better response 36 

to treatment and patients show longer overall survival (OS) rates [158, 159]. Further, this results 37 

in a sensitivity to treatments which target other DNA repair mechanisms, such as poly ADP-ribose 38 

polymerase (PARP) inhibitors, which are now a standard treatment approach for patients with 39 

BRCA1/2 mutations, although they are rarely utilised as first line treatments [160].  40 
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Finally, lower socioeconomic status results in increased incidence of OC and decreased survival 1 

rates [13] (Figure 1). This is believed to result from challenges in accessing healthcare [161], lack 2 

of knowledge of early symptoms, response to symptoms, lifestyle factors and co-morbidities [162]. 3 

This is reflected in the observation that high education levels are related to a decreased risk of 4 

ovarian cancer [163] and emphasise the importance of community awareness campaigns and 5 

education programs in reducing the risk of OC mortality. 6 

 7 

 8 

Figure 1: Risk factors which predict ovarian cancer diagnosis and poor prognosis: (A) The number of 9 

ovulation cycles a women has experienced is thought to be directly related to their risk of developing 10 
ovarian cancer. This is reflected in younger age, pregnancy and oral contraceptive use being protective 11 

against ovarian cancer. (B) Chronic inflammatory diseases of the pelvis, including benign ovarian cysts and 12 

endometriosis, have been associated with ovarian cancer development. (C) Obesity is a risk factor for 13 

ovarian cancer diagnosis and poor prognosis which is thought to be mediated primarily through altered 14 
hormone production. (D) Family history of ovarian cancer of breast cancer is the largest single risk factor 15 
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for the development of ovarian cancer, even in the absence of an identifiable cancer driving genetic 1 

mutation. (E) Genetic predisposition, best characterised in mutations in the BRCA1 and BRCA2 genes, is a 2 

major predictor of ovarian cancer development. (F) Social factors including socio economic status and 3 
education levels are closely linked to incidence of ovarian cancer and survival rates of those diagnosed. 4 

This is predicted to result from impacts on access to healthcare, knowledge of early symptoms, lifestyle 5 

factors and co-morbidities.  6 

1.2.2. Risk Reducing Interventions 7 

Despite the high mortality rates associated with ovarian cancer, the general incidence in the 8 

population remains low at around 1% [164]. For cancer in general, it has been predicted that 9 

between 1/3 and 2/5 of all cancers could be prevented by eliminating and reducing risk factors [1], 10 

making the reduction of risk factors the most impactful risk reducing intervention for ovarian 11 

cancer in the general population. For the reasons discussed above, the use of oral contraceptives 12 

represents an effective risk reducing intervention for ovarian cancer [165]. 13 

Patients with BRCA1 or BRCA2 mutations are recommended to undergo risk reducing salpingo-14 

oopherectomy around the age of 40 [166]. While there are side effects related to hormone 15 

imbalances after the removal of the ovaries, this surgical intervention reduces the risk of ovarian 16 

cancer in BRCA1 or BRCA2 positive individuals by at least 75% [167, 168]. Further, a meta-17 

analysis of studies into the use of oral contraceptives by BRCA positive women showed that it 18 

reduced their risk of developing ovarian cancer by half [166]. 19 

1.2.3. Ovarian Cancer Diagnosis  20 

Ovarian cancer is often asymptomatic often resulting in identification at a late stage, after local 21 

metastasis has already occurred [169]. Symptoms often only arise in advanced cancer and are 22 

usually non-specific and not easily recognized as a symptom of cancer [170]. A review of 23 

symptoms associated with ovarian cancer identified the report of abdominal distention, abdominal 24 

or pelvic bloating, abdominal mass, loss of appetite and abdominal or pelvic pain to significantly 25 

increased the likely hood of ovarian cancer being present [171]. However, this review also noted 26 

that none of the above symptoms, when absent, could alone rule out the presence of ovarian cancer. 27 

Further, the authors highlight the challenges with diagnosing ovarian cancer based on these, often 28 

subjective, reports of symptoms. 29 

Once certain risk factors are identified, a complete physical examination, including rectovaginal 30 

examination, is recommended for detection of pelvic and abdominal masses [170]. However, this 31 

examination has limited accuracy, particularly in obese patients, and any detected masses are not 32 

easily identifiable as ovarian cancer [172].  33 

Upon identification of a suspected case of ovarian cancer, the clinician is advised to perform a 34 

transvaginal ultra-sound (TVS) [172, 173]. This technique is utilised to visualise the ovaries and 35 

fallopian tubes and detect disease through morphological changes or characteristics associated 36 

with ovarian cancer, such as increased ovarian volume [174]. However, it is limited by challenges 37 

in accurately identifying some tumours [175] or missing small tumour masses [176]. There is 38 

ongoing research into improving imaging techniques for identifying ovarian cancer including 39 

improving image resolution [176], utilising immunological markers [177] and the use of nano 40 

probes [178]. 41 
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TVS is accompanied by assessment for blood biomarkers, particularly CA125 [170]. CA125 is a 1 

high molecular weight glycoprotein first described in the 1980s [179] and is the most commonly 2 

used biomarker for diagnosis and monitoring of ovarian cancer [180]. However, the utility of 3 

CA125 is controversial owing to it being elevated in 80% of all epithelial ovarian cancers, but only 4 

50% of early stage epithelial ovarian cancers [173]. This is further complicated by the observation 5 

that CA125 is elevated in benign conditions including endometriosis and fibroids [172, 173, 181].  6 

As with any cancer, definitive diagnosis results from a biopsy of sample tissue. In the case of 7 

ovarian cancer, this is generally achieved through the use of a needle core biopsy after which 8 

excised tissue is closely examined for possible malignancy utilising histological, morphological 9 

and immunohistochemical indicators [182]. 10 

1.2.4. Ovarian Cancer Staging 11 

Once cancer is identified, cancer staging is an important step for predicting patient outcome and 12 

advising appropriate treatment [183]. It provides description of the characteristics of the cancer, 13 

reproducible metrics to be used within and across tumours, facilitates correlation between tumour 14 

features and prognosis, informs and organizes treatment recommendations and provides a platform 15 

for understanding historical information which can contribute to clinical advances [184]. 16 

For ovarian cancer this is facilitated through an exploratory laparotomy (open abdominal surgery 17 

for examination of abdominal organs) at the time of presentation [50] and clinical staging is 18 

performed utilising the Federation of Gynaecology and Obstetrics (FIGO) staging system first 19 

published in 1973 and most recently revised in 2014 [185] (Table 2). While each stage has further 20 

substages, they can be broadly separated into the following: Stage I – Cancer is confined to the 21 

fallopian tubes, ovaries, and peritoneal fluid. Stage II – Tumour involves one or both ovaries or 22 

fallopian tubes with pelvic extension or primary peritoneal carcinoma. Stage III – As per stage II 23 

with cytologically or histologically confirmed spread to the peritoneum outside the pelvis and/or 24 

metastasis to the retroperitoneal lymph nodes. Stage IV – Distant metastasis identified excluding 25 

peritoneal metastasis [185]. 26 

Some oncologists have highlighted shortcomings of the FIGO staging approach highlighting the 27 

one-size-fits-all nature of these classifications, despite the existence of several diverse subtypes of 28 

epithelial ovarian cancer, and the data which informs this staging is dependent on the skill and 29 

aggressiveness of the surgeon performing the surgery [184]. Regardless, this staging approach is 30 

used to advise prognosis and treatment approaches. For example, in women with a Stage III or IV 31 

cancer, and therefore a low likelihood of effective cytoreductive surgery, neo-adjuvant 32 

chemotherapy is advised to reduce the tumour burden before surgery [50]. Regardless of subtype, 33 

detection of ovarian cancer at a late-stage results in significantly reduced 5-year survival rates 34 

[186] highlighting the importance of early detection for effective treatment of ovarian cancer.  35 

 36 

 37 

 38 

 39 
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 1 

Table 2: Federation of Gynaecology and Obstetrics (FIGO) staging for ovarian cancer. 2 

FIGO Stage Clinical Features 
Five Year 

Survival Rate 

Stage I Tumour is confined to the ovaries or fallopian tube(s). 

Greater than 

80% 

regardless of 

EOC subtype 

- Stage IA 

Growth limited to one ovary (capsule intact) or 

fallopian tube, no tumour on external surfaces. No 

malignant cells in peritoneal fluid/washings. 

- Stage IB 
Growth limited to both ovaries (capsule intact) or both 

fallopian tubes, no tumour on external surfaces. No 

malignant cells in peritoneal fluid/washings. 

- Stage IC 

Tumour on surface of one or both ovaries or fallopian 

tubes; or capsule ruptures; or malignant cells present in 

peritoneal fluids/washings. 

Between 67% 

(HGSOC) and 

84% 

(endometrioid

) 

Stage II 
Tumour involves one or both ovaries/fallopian tubes 

with extension to pelvic structures 

- Stage IIA 
Extension and/or implants onto the uterus and/or 

fallopian tubes and/or ovaries. 

- Stage IIB Extension to other pelvic intraperitoneal tissues 

Stage III 

Tumour involves one or both ovaries/fallopian tubes, 

or primary peritoneal cancer, with confirmed spread to 

the peritoneum outside the pelvis and/or metastasis to 

the retroperitoneal lymph nodes 

Between 22% 

(CCOC) and 

54% 

(LGSOC) 
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- Stage IIIA1 
Metastatic implants cytologically or histologically 

identified in retroperitoneal lymph nodes only. 

- Stage IIIA2 
Microscopic extra pelvic peritoneal involvement with 

or without retroperitoneal lymph node involvement. 

- Stage IIIB 

Macroscopic peritoneal metastases beyond the pelvis 

up to 2 cm in greatest dimension with or without 

retroperitoneal lymph node involvement. 

- Stage IIIC 

As per Stage IIIC with the addition of extension of 

tumour to capsule of liver and spleen without 

parenchymal involvement of either organ. 

Stage IV Distant metastasis beyond peritoneal metastasis 

- Stage IVA Pleural effusions with positive cytology 

- Stage IVB 

Parenchymal metastases and metastases to extra-

abdominal organs including inguinal lymph nodes and 

lymph nodes outside of the abdominal cavity. 

FIGO stages: [187] 

Survival statistics [186]  
 

 1 

1.2.5. Ovarian Cancer Screening 2 

Due to the difficulty in diagnosing ovarian cancer [170], and the significant impact that cancer 3 

stage at time of diagnosis has on patient prognosis [186], effective screening for ovarian cancer is 4 

essential in reducing related mortality. Modelling of HGSOC growth suggests that the tumour has 5 

a median diameter of approximately 3cm when it metastasises as Stage III or Stage IV cancer. To 6 
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have 50% sensitivity for detection of early HGSOC (Stage I or Stage II) any screening technique 1 

would have to accurate detect and classify tumours which have a median diameter of 2 

approximately 1.3cm [188]. This represents a mammoth challenge, requiring highly sensitive and 3 

specific blood or serum biomarkers, which has not yet been overcome by modern screening 4 

techniques [189]. 5 

Screening for ovarian cancer has primarily utilised TVS and CA125 surveillance however, its use 6 

remains controversial. This is due to the low prevalence of the disease, relatively low sensitivity 7 

and specificity of screening techniques and the potential for harm if unnecessary surgery is 8 

performed [190]. As discussed above, the identification of at-risk populations has a significant 9 

impact on reducing their likelihood of developing ovarian cancer. Further, improved identification 10 

of at-risk populations improves screening efforts by focussing resources and reducing the 11 

likelihood of inappropriate treatment. Advanced algorithms are beginning to incorporate several 12 

factors, including single nucleotide polymorphisms (SNPs), epidemiological, life style and 13 

reproductive factors to better individualise ovarian cancer risk prediction [191]. One example of a 14 

clinical tools for ovarian cancer risk prediction is: ‘CanRisk’, an online tool for clinicians which 15 

facilitates ovarian cancer risk prediction based on clinical and genetic factors [192]. This tool came 16 

into use in March 2021 and reported over 3000 registrations and 98000 ovarian and breast cancer 17 

calculations in the first 9 months of launch [192] but it is still too early to see whether this has a 18 

significant impact on patient survival. A second clinical tool is FORECEE, which characterises 19 

methylation and molecular patterns indicative of breast, cervical and ovarian cancer based on 20 

cervical cytology cells [193] and is currently being utilised in several trials throughout Europe. 21 

While the impact of this tool on detection or survival rates is yet to be seen, there is ongoing 22 

recruitment for a large-scale clinical trial at University College London. Further, utilising this tool 23 

has resulted in the observation that the presence of ovarian cancer, or related risk factors for 24 

disease, were significantly associated with specific cervical microbiota potentially representing a 25 

new avenue for research into the causes of ovarian cancer [194].  26 

In recent years significant improvements have been observed in blood based screening approaches 27 

through the use of longitudinal CA125 testing [195] and screening for a panel of serum biomarkers 28 

which includes CA125 [196-199]. Further, risk prediction algorithms are beginning to incorporate 29 

several factors including SNPs, epidemiological, life style and reproductive factors to better 30 

individualise ovarian cancer risk prediction [191].   31 

Despite these efforts, randomised control trials have not demonstrated any impact on ovarian 32 

cancer mortality resulting from population level screening of women at average risk of developing 33 

ovarian cancer [189]. As a result, routine screening for ovarian cancer is not currently 34 

recommended in either the UK or USA  [200, 201]. 35 

Into the future, the detection of free tumour DNA harbouring a panel of tumour associated 36 

mutations, in combination with a panel of molecular markers including CA125, holds promise for 37 

improving ovarian cancer early detection [202]. Similar approaches to detecting tumour DNA in 38 

the lower genital tract have also been investigated including endocervical liquid cytology samples 39 

[203], tampons [204] and uterine lavage [205]. 40 
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1.3. Treatment of Ovarian Cancer  1 

Despite the numerous subtypes of ovarian cancer, with their diverse origins, prognosis and 2 

outcomes, all patients receive similar first line treatment [28]. This is typically comprised of 3 

primary debulking surgery (PDS) in combination with chemotherapy [50]. PDS involves full 4 

exploration of the abdominal cavity and pelvis followed by total abdominal hysterectomy (removal 5 

of the uterus), bilateral salpingo-oophorectomy (removal of both fallopian tubes and ovaries), and 6 

omentectomy (removal of the omentum) [50]. Its purpose is to stage the tumour based on its size 7 

and spread to other organs (Table 2) and to therapeutically resect all macroscopic tumour masses 8 

within the peritoneal cavity [86]. There is a clear correlation between the presence of macroscopic 9 

residual disease after PDS and reduced OS [206] highlighting the clinical importance of surgical 10 

intervention.   11 

PDS is followed by combination chemotherapy with a platinum agent (carboplatin (CBP) or 12 

cisplatin) and a taxol (paclitaxel) in almost all cases [207]. This has been the standard treatment 13 

for advanced ovarian cancer since the 1980s [208] and the lack of more recent advances in standard 14 

treatment regimens is reflected in modest improvements in OS over recent decades [209]. Cisplatin 15 

is the most commonly used platinum based chemotherapy historically and has been employed 16 

extensively to treat a range of cancers since its approval in 1978 [210]. However, cisplatin has 17 

significant side effects which limit the concentration that can be used for treatment [211]. The 18 

chemical analogue, CBP, has significantly less side effects and similar efficacy when combined 19 

with paclitaxel  and is now the preferred first line treatment of ovarian cancer [28]. 20 

In recent years the combination therapy of CBP and paclitaxel has been demonstrated to be an 21 

effective treatment in combination with optimal debulking surgery for HGSOC and endometrial 22 

subtypes [50]. Taxanes were first developed in the late 1980s and, by inhibiting tubule 23 

depolymerisation and subsequent stabilisation of the cytoskeleton, impairs the process of cell 24 

division, resulting in mitotic failure and cell death [212]. In the 1990s it was demonstrated that 25 

paclitaxel treatment was effective in patients with advanced and platinum resistant ovarian cancer 26 

[213, 214] and in 1996 a clinical trial demonstrated that paclitaxel, in combination with cisplatin, 27 

significantly improved patient response rates compared to the standard treatment at the time of 28 

cisplatin in combination with cyclophosphamide [215]. Subsequent trials demonstrated similar 29 

efficacy of CBP combined with paclitaxel, coupled with fewer side effects [216-218], and this 30 

combination has been the standard first line treatment for ovarian cancer ever since [92]. 31 

While the standard chemotherapy has remained unchanged since the early 2000s, there has been 32 

significant focus on optimizing the platinum-taxane treatment regimen [92]. This includes changes 33 

to the paclitaxel treatment schedule which has resulted in improved outcomes in some cases [219, 34 

220] and shown no impact in others [221]. Further, intraperitoneal delivery of chemotherapy, as 35 

opposed to standard intravenous deliver, has been shown to improve patient survival  [222] 36 

however increased toxicity and decreased patient tolerability has limited its clinical use [223]. 37 

Finally, in cases where the patient is too ill to undergo initial PDS, or whose disease is too extensive 38 

for complete resection, neoadjuvant chemotherapy is an option [86]. This involves administration 39 

of the first half of the full chemotherapy regime before PDS which is then followed by the second 40 

half of the regime [86]. This approach has been associated with increased rates of optimal PDS 41 
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leaving no residual disease and decreased morbidity and mortality compared to patients with non-1 

optimal PDS [224].  2 

1.3.1. Action of platinum-based chemotherapy 3 

CBP and cisplatin act on the DNA through the formation of mono adducts on the N7 of guanidine. 4 

This then forms a secondary bond to nearby guanidine residues resulting in intra or inter-DNA 5 

crosslinks and disturbance of the double helix. This represents a physical barrier to transcription 6 

and DNA replication, resulting in cell cycle arrest and replicative stress response [225]. This 7 

triggers a DNA damage response (DDR) resulting in interruption of DNA synthesis, the activation 8 

of DNA repair pathways, cell cycle arrest and subsequent apoptotic signalling [226]. 9 

Cell death in response to DNA damage is mediated through activation of ataxia telangiectasia 10 

mutated (ATM) and RAD3-related protein (ATR), which sense DNA damage, followed by signal 11 

transduction through checkpoint kinase 1 (CHEK1), resulting in TP53 phosphorylation and 12 

stabilization [227]. Once activated, TP53 exerts cytotoxic effects via ‘intrinsic’ or ‘extrinsic’ 13 

pathways resulting in cell death [228, 229]. The extrinsic pathway is mediated through Fas cell 14 

surface death receptor (FAS) activation and caspase 8 recruitment [230] while the intrinsic 15 

pathway is mediated through release of cytochrome c as a result of mitochondrial membrane 16 

disturbance through activation of the pore stabilizing proteins; B cell lymphoma 2 (Bcl-2) and B 17 

cell lymphoma-extra-large (Bcl-xL) [231].  18 

In addition, these chemotherapeutic agents attack the mitochondria [232]. This results in the 19 

production of reactive oxygen series (ROS) [233] contributing to increased oxidative stress which, 20 

in combination with the inherently increased levels of ROS in cancer cells, can trigger apoptosis 21 

[234]. In addition to apoptosis through intrinsic and extrinsic pathways, increased oxidative stress 22 

can also induce cell death through autophagy where cytoplasmic contents are sequestered and 23 

degraded in lysosomes [235]. 24 

DNA damage and oxidative stress caused by platinum chemotherapy triggers a complex web of 25 

cellular signalling, which both promote and inhibit cell death. This includes signalling through 26 

mitogen activated protein kinase (MAPK), PI3K, Jun N-Terminal kinase (JNK) and other 27 

pathways (reviewed here: [233]). Beyond this, platinum chemotherapies have been seen to destroy 28 

lysosomes releasing lysosomal proteases and to degrade the endoplasmic reticulum resulting in 29 

increased protein misfolding [232]. Furthermore, damage to the mitochondria and endoplasmic 30 

reticulum has the additional impact of dysregulating calcium homeostasis underpinning the 31 

neurotoxicity seen in patients treated with these agents [232]. There are also numerous proteins 32 

which are directly targeted by CBP including DNA polymerase A, via its zing finger domain [236], 33 

potentially resulting in inhibition of DNA replication subsequently triggering apoptotic pathways. 34 

In addition, platinum reacts with guanosine-5’-triphosphate (GTP), depriving the cell of the energy 35 

source required for microtubule formation which inhibits formation of new cells and mitosis [237].  36 

1.3.2. Molecular Targeted Therapy for Ovarian Cancer 37 

With the continued advancement in our understanding of cancer and ability to rapidly characterize 38 

its molecular features, the development of targeted therapies has generated great interest. The use 39 

of molecular targeted therapies is based on the concept that, by understanding the physiology and 40 



19 

 

molecular characteristics of a specific cancer, specific agents and strategies can be developed to 1 

inhibit tumour growth and progression [238]. Molecular targeted anti-cancer agents include a wide 2 

range of compounds, such as antibodies (Abs), small molecules, cancer vaccines and gene therapy 3 

[239]. They can target a range of cancer features including cell growth, cell cycle regulation, 4 

triggering cell death [239], activation of the immune system [240], inhibition of tumour invasion 5 

and progression or sensitization of the tumour the other anti-cancer agents [241]. 6 

The great strength of molecular targeted therapy is that it acts on a specific weak point of the cancer 7 

in question which can be remarkably effective in treating cancer (reviewed here: [238]). However, 8 

this also represents the great weakness of these treatments. Firstly, many targeted therapies are 9 

only effective in the subgroup of patients whose cancer expresses the target molecule, limiting the 10 

broad application of a specific compound [238]. Further, resistance to these compounds is often 11 

observed. Inherent resistance exists in some cancers, even when they express the biomarker target, 12 

potentially owing to the complexity of cross talk between oncogenic pathways which can 13 

compensate for inhibition of the specific target [242]. Acquired resistance is also common in 14 

response to target treatment, either through changes in the molecular target or compensatory 15 

activity of adjacent pathways [238].  16 

The treatment for all subtypes of EOC is uniform despite vastly different treatment responses. 17 

LGSOC and CCOC exhibit very low response rates to initial standard treatment which questions 18 

the continued use of standard chemotherapy and highlights the need for novel treatment 19 

approaches for these ovarian cancer subtypes [50]. The application of targeted therapies has seen 20 

some success in HGSOC however it remains challenging in HGSOC as it rarely presenting with 21 

oncogenic alterations which are easily targetable [90]. 22 

1.3.2.1 CDK4/6 Inhibitors 23 

Cyclin Dependent Kinase 4/6 (CDK4/6) is a protein complex which is required for the 24 

phosphorylation of retinoblastoma protein 1 (RB1) which subsequently triggers the transcription 25 

of genes required for progression through the S phase of the cell cycle. Therefore, inhibition of 26 

CDK4/6 prevents the transition from G1 to S phase resulting in cell cycle arrest (reviewed here: 27 

[243]). Treatment with CDK4/6 inhibitors have shown promise in several cancer types [244-249], 28 

including successful phase 3 trials in metastatic breast cancer resulting in Food and Drug 29 

Aministration (FDA) approval of three CDK4/6 inhibitors, Palbociclib, Ademaciclib and 30 

Ribociclib, for treatment of metastatic breast cancer [250, 251].  31 

For HGSOC, CDK4/6 inhibitors have showed some promise in in vitro studies, albeit with the 32 

development of resistance mechanisms reported [252]. In combination with cisplatin, CDK4/6 33 

inhibition with Ribociclib has shown growth arrest in vitro and significant tumour growth delay in 34 

platinum sensitive tumour xenografts [253]. Importantly, ribociclib treatment demonstrated a 35 

synergistic effect when applied to cell lines after cisplatin treatment [253], potentially owing to the 36 

role of CDK4/6 in DNA damage repair [254] representing a possible combination therapy. 37 

Further to this, there have been recent studies into combination therapy with both PARP inhibitors 38 

[255] and CDK4/6 inhibitors [256] which show promising, albeit preliminary, results. 39 

Mechanistically, synergistic activity of PARP and CDK4/6 inhibitors is thought to result from 40 
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CDK4/6 inhibition impacting MYC-regulated HR repair pathway genes. This is reflected in the 1 

observation that increased growth inhibition, in response to combination PARP inhibitor and 2 

CDK4/6 inhibitor treatment, correlated with increased MYC expression [257]. There is also 3 

interest in the combination of immunotherapy with CDK4/6 inhibitors based on the observation 4 

that CDK4/6 inhibition have significant immunomodulatory effects including increasing cluster of 5 

differentiation 8 positive (CD8+) T-cell infiltration and reduced regulatory T cell proliferation 6 

[258, 259]. Combination treatment with Ademaciclib and anti-programmed cell death protein 1 7 

(PD-1) monoclonal Abs, have shown efficacy in mouse models of ovarian cancer [256] reflecting 8 

the potentially synergistic actions of immune check point inhibition and CDK4/6 inhibitors. 9 

1.4. Molecular Mechanisms of Chemoresistance to Platinum Based Chemotherapy 10 

The National Comprehensive Cancer Network (NCCN) separates platinum sensitive recurrence 11 

(PSR) from platinum resistant recurrence (PRR) based on the time between first treatment and 12 

patient relapse. If relapse occurs more than 6 months after first chemotherapy treatment then the 13 

patient has PSR while if they relapse less than 6 months after first treatment they have PRR [260]. 14 

This information can be combined with other predictors, such as age, disease stage, histology, and 15 

residual disease, to provide a prediction of future treatment sensitivity and patient survival in a 16 

process called a nomogram [261].  A nomogram is a graphical calculating device, a two-17 

dimensional diagram designed to allow the approximate graphical computation of a mathematical 18 

function. At present, these nomograms do not include genomic or molecular 19 

information/classification, which represents an important gap in the prediction of chemotherapy 20 

response and patient survival.  21 

The difference between PSR and PRR is reflected in the observation that HGSOC patients with 22 

PSR typically respond well to a second round of treatment with platinum based chemotherapy 23 

[262]. However, most patients eventually relapse with platinum resistant disease [262]. It is 24 

expected that this outcome reflects acquired resistance to chemotherapy while PRR patients 25 

possess inherent resistance. While these two categories of resistance pathways are sometimes 26 

difficult to distinguish, they are broadly described as follows: Inherent resistance is the innate  27 

ability of cancer cells to survive and persist through their first expose to treatment. In contrast, 28 

acquired resistance represents the evolution of cancer cells in response to exposure to treatment 29 

eventually achieving a state where cells can survive and proliferate despite subsequent therapies 30 

[263-265]. Regardless, resistance can be seen as developing through clonal selection resulting 31 

from survival advantages acquired by the cell, often through environmental or molecular features 32 

which promote survival in response to therapeutic challenge [266, 267]. While there are 33 

environmental factors which can contribute to chemoresistance in ovarian cancer, such as for 34 

example poor vascularisation [268], extracellular matrix interactions and secreted factors [269], 35 

these are beyond the scope of this thesis and are comprehensively reviewed here [270]. 36 

CBP acts to kill cancer cells through a highly complex interplay of drug with cellular targets and 37 

subsequent pro death signalling. As a result, the molecular features of chemoresistance are equally 38 

complex. In brief they include inhibition of drug influx, increased drug efflux, cytoplasmic 39 

detoxification, alterations in apoptosis pathways, DNA repair and increased response to ROS 40 

production [271]. 41 
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1.4.1. Altered drug influx and efflux 1 

As described above, platinum-based chemotherapeutics perform their therapeutic activity through 2 

interaction with DNA and cytosolic components of the cell. In platinum resistant cancer cells, 3 

decreased drug accumulation can impair the formation of DNA adducts and low cellular 4 

concentration of platinum is significantly associated with tumour response [272, 273].  As a result, 5 

effective influx, and limited efflux of therapeutics is essential for sufficient drug accumulation and 6 

subsequent anti-cancer activity [274]. 7 

Inhibition of drug influx has long been recognised as a common feature of platinum resistant cells 8 

[275] and, as early as 2002, high affinity copper uptake protein 1 (Crt1) was identified as a major 9 

mediator of cisplatin uptake in yeast and mouse cells [276]. The expression of this protein is 10 

closely linked to extracellular copper concentrations where excess copper triggers endocytosis and 11 

degradation of Crt1 [277]. This is reflected in the early observation that cellular copper 12 

concentration was associated with cellular cisplatin concentration [278] and that pre-treatment of 13 

cells with copper resulted in cisplatin resistance in a Crt1 dependent manner [276]. In addition,  14 

high Crt1 expression is associated with favourable OS, PFS, disease free survival (DFS) and 15 

treatment response [274] in several cancers, including ovarian [274]. One study demonstrated that 16 

that upregulation of Crt1 expression through administration of the copper chelating agent, 17 

tetrathiomolybdate, enhances the cytotoxic effect of cisplatin on human cervical and ovarian 18 

cancer cells in vitro [279]. This was further supported in a clinical trial demonstrating the 20% of 19 

platinum resistant patients responded to platinum after receiving copper chelators [280]. However, 20 

it has been shown that cisplatin can induce rapid degradation of Crt1 through ubiquitin mediated 21 

proteolysis [281] and that, while Crt1 is responsible for 60-70% of cellular uptake of cisplatin, it 22 

is only responsible for 30-40% of cellular uptake of carboplatin [282, 283].  23 

Two other copper transporters, ATPase copper transporting alpha 7A (ATP7A) and ATPase 24 

copper transporting alpha 7B (ATP7B), are the primary proteins responsible for platinum efflux 25 

[284] and have been functionally implicated in resistance to both cisplatin and carboplatin [285-26 

289]. The primary physiological function of these proteins is to transport copper into the lumen of 27 

the trans-Golgi network to facilitate the biosynthesis of copper-dependent enzymes and export of 28 

excess copper out of the cell via sequestration into exocytic vesicles [290]. The analysis of mRNA 29 

expression of 55 transporter genes  of  60 ovarian cancer cell lines revealed that ATP7B mRNA 30 

expression level has the highest correlation with cisplatin sensitivity [291]. The silencing of 31 

ATP7B has been demonstrated to increase sensitivity to cisplatin in vitro and the silencing of 32 

ATP7A resulted in increased sensitivity to cisplatin in a mouse model of ovarian cancer  [292]. 33 

Despite this, a meta-analysis did not find a significant relationship between expression of ATP7A 34 

or ATP7B with OS, PFS, DFS or treatment response [274]. The action of these proteins in the 35 

binding and exportation of platinum agents, and their contribution to platinum resistance in ovarian 36 

cancer, is complex and still not well understood but is comprehensively reviewed here [293]. 37 

While the above-described influx and efflux proteins have a significant impact on intracellular 38 

concentrations of platinum agents, there are several other proteins which contribute to platinum 39 

concentrations within the cell. These are beyond the scope of this thesis but are comprehensively 40 

reviewed here [294]. 41 
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1.4.2. Intracellular Detoxification of Platinum Compounds 1 

Once in the cell, there are multiple mechanisms which act on platinum-based chemotherapeutic 2 

agents to inhibit their activity and protect the cell. For example, glutathione (GSH) which plays 3 

the physiological role of scavenging free radicals, defending cells against xenobiotics and 4 

maintaining the sulfhydrl groups of many proteins [295]. This metabolite has a high affinity for 5 

platinum [296] competitively inhibiting platinum binding to DNA as reflected in elevated 6 

expression of GSH, and gluthione-S-transferase, often seen in resistant cells [297, 298]. 7 

Therapeutic interventions have sought to prevent the interaction between GSH and platinum, 8 

through competitive inhibitors of GSH [299], and interfere with GSH synthesis through inhibition 9 

of enzymes which mediate its synthesis [300]. While inhibition of γ-glutamylcysteine ligase, an 10 

essential enzyme in GSH synthesis, reduces cisplatin resistance in malignant glioma [300], non-11 

specific GSH depletion can cause significant side effects in normal tissue [294]. Selective GSH 12 

depletion holds great potential in reducing platinum resistance however this remains a significant 13 

challenge [301].  14 

Platinum anti-cancer drugs can also be inactivated by interaction with metallothionein (MT) 15 

proteins [294]. The high proportion of cysteine residues in MT results in platinum preferentially 16 

chelating with proteins [302]. Platinum agents have been seen to bind metal transcription inhibitor, 17 

releasing metal transcription factor 1 to bind DNA and trigger the transcription of MT [303]. 18 

Studies have suggested that certain isoforms of MT may be valuable prognostic predictors [304] 19 

and that MTs are regulated by miRNAs [305] representing a potential therapeutic strategy. 20 

1.4.3. DNA Repair 21 

There are multiple DNA repair mechanisms involved in the response to platinum mediated DNA 22 

damage (reviewed here: [225]). DNA damage caused by platinum agents is primarily repaired by 23 

nucleotide excision repair (NER) system and facilitated by the related genes DNA repair protein 24 

complimenting XP-A (XPA) and BRCA1 [306, 307]. This process recognises areas of DNA 25 

damage, unwinds the DNA helix, and then excises the damaged region. Finally, DNA polymerase 26 

resynthesises the excised region from the complementary DNA strand [308]. 27 

The cellular status of HR is the strongest predictor of chemoresistance status in ovarian cancer 28 

[78]. This process employs the redundancy of genetic information in sister chromatids in responds 29 

to double stranded (DS) breaks in the DNA [309]. In brief, upon a DS break in one chromatid the 30 

sister chromatid is used as the guide strand for the synthesis of new DNA to repair the break. This 31 

process is complex and multifaceted and is reviewed here: [309]. Most HGSOC are HR deficient, 32 

often mediated through mutations in BRCA1/2 genes [81], facilitating genetic instability which 33 

promotes cancer development but also triggering CBP sensitivity. Restoration of HR, through 34 

reversion of BRCA1/2 mutations, have been seen to give rise to chemoresistance in this context 35 

[310]. The full breadth of DNA repair mechanisms in response to platinum-based insult is complex 36 

and further details are beyond the scope of this thesis. It has been extensively reviewed here:  [225] 37 

1.4.4. Apoptosis signalling 38 

P53 plays a tumour suppressive role in healthy cells by promoting apoptosis in response to DNA 39 

damage through both the intrinsic and extrinsic pathways [311]. It triggers the intrinsic, 40 

mitochondrial, apoptotic pathway through triggering the expression of numerous pro apoptotic 41 
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proteins and inhibiting the expression of anti-apoptotic ones [312, 313]. Furthermore, P53 controls 1 

the expression of proteins involved in numerous steps of the intrinsic, receptor mediated, apoptotic 2 

pathway including the development of Fas ligand (FasL) [311]. Not surprisingly, cells with p53 3 

mutations [314] or deletions [315] are resistant to cisplatin.  4 

Apoptosis is controlled by the balance of pro and anti-apoptotic proteins. If this balance is tipped 5 

in favour of pro apoptotic signalling, then pores in the mitochondrial membrane are formed 6 

releasing numerous effector molecules and triggering an apoptotic cascade resulting in cell death 7 

[316, 317]. This balance is influenced by numerous signalling pathways, for example; 8 

overactivation of the PI3K pathway, resulting in increased anti apoptotic protein activation [318], 9 

and up regulation of heat shock proteins (HSPs), which directly inhibit the intrinsic apoptotic 10 

pathway [319], both contribute to chemoresistance. 11 

Further drivers of chemoresistance are highly complex and cannot be fully described here 12 

(reviewed here: [320]) but include altered autophagy [321], miRNA expression [322] and 13 

epigenetic alterations [323]. Some of the epigenetic changes which drive CBP resistance include 14 

chromatin remodelling [324], DNA methylation [325] and histone modifications [326]. This 15 

results in the downregulation of genes required for cytotoxicity such as the pro apoptotic signalling 16 

pathways described above and is reviewed here: [323]. 17 

1.4.5. Metabolism in Chemoresistance 18 

It is well understood that some cancer cells have altered metabolism compared to healthy tissue 19 

best characterised by the ‘Warburg effect’, where an increased energy demand in cancer cells is 20 

met through upregulated glycolysis [327]. This contributes to the increased synthesis of 21 

biomolecules and increased proliferation which maintains the tumour in poorly vascularized 22 

microenvironments [328]. This can lead to increased acidity within the microenvironment, due to 23 

increased lactate production, and promotes migration and invasion [329, 330].  24 

Increased glycolysis in this context results from altered signalling, such as the stabilization of 25 

hypoxia inducible factor 1α (HIF-1α) [331], activation of PI3K pathways [332] and dysregulated 26 

p53 signalling [333], which have the additional role of promoting cell survival, growth and 27 

metastasis [334]. These pathways can be triggered by reduction in mitochondrial respiration or 28 

mitochondrial dysfunction [335, 336] creating complex feedback mechanisms controlling the 29 

balance between glycolysis and oxidative phosphorylation (OXPHOS).    30 

The alterations in these signalling pathways are just one of several avenues through which altered 31 

metabolism contributes to chemoresistance [337, 338], most commonly via an altered redox state 32 

[339-341]. Resistance to ROS mediated apoptosis can be mediated via increased survival 33 

signalling [342], increased detoxification of ROS through glycolytic metabolism intermediaries, 34 

such as glycolytic pyruvate [339, 340], reduced ROS production due to decrease mitochondrial 35 

respiration [343] and increased production of antioxidants [342].  36 

An example of a direct connection between glycolysis and increased cell survival is hexokinase, a 37 

glycolytic enzyme which binds voltage dependent anion channel (VDAC) at the mitochondrial 38 

membrane [344]. This process utilises intra-mitochondrial adeno triphosphate (ATP) for the 39 

phosphorylation of glucose facilitating rapid glycolysis [345]. It has the additional effect of 40 
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stabilising the mitochondrial membrane and preventing pro apoptotic proteins from binding to 1 

VDAC and triggering mitochondrial membrane permeabilization [346] thereby directly inhibiting 2 

the intrinsic apoptotic pathway. 3 

OXPHOS and the mitochondria remain essential for effective bioenergetics, biosynthesis and 4 

signalling in cancer cells [347, 348]. Further, chemo resistant ovarian cancer cells have been 5 

observed to have a particular reliance on OXPHOS [349]. This is potentially driven by the reliance 6 

on OXPHOS by quiescent ovarian cancer cells [350] which, due to their reduced DNA synthesis, 7 

are inherently resistant to CBP toxicity [86]. 8 

1.5. Unique Features of HGSOC Metastatic Progression 9 

Metastasis is the process by which cancer cells detach from the primary tumour and disseminate 10 

to surrounding tissue and distant organs [351]. This process is the primary cause of cancer related 11 

mortality and is responsible for over 90% of cancer related deaths [352, 353]. Ovarian cancer is 12 

unusual in that it rarely disseminates via the vasculature but instead disseminates to the 13 

peritoneum, via the peritoneal fluid, [354] with tumours detected in the fallopian tubes, uterus and 14 

contralateral adnexa [355]. 15 

1.5.1. Malignant Ascites 16 

Under normal physiological conditions, peritoneal fluid is in constant flow, mediated by secretion 17 

via the peritoneal capillaries and drainage through lymphatic vessels. However, in the case of 18 

ovarian cancer, elevated expression of vascular endothelial growth factor (VEGF) results in 19 

increased vascular permeability [356] and lymphatic drainage vessels can be blocked by cancer 20 

cells [355]. This results in the accumulation of peritoneal fluid within the peritoneal cavity creating 21 

malignant ascites. Ascites arises in almost all cases of recurrent ovarian cancer [357] and 22 

represents a microenvironment rich in pro-tumourogenic signals which act to promote cancer 23 

growth, survival, invasion and chemotherapy resistance [358, 359]. Ascites is a hypoxic [360] and 24 

glucose deprived environment [361], promoting altered cellular pathways and metabolism in 25 

HGSOC. In addition to cancer cells, several other cell types, which promote tumour growth and 26 

invasion, have been detected in ascites, such as tumour associated fibroblasts, mesenchymal stem 27 

cells, mesothelial cells and platelets [362, 363]. The presence of ascites in ovarian cancer is a sign 28 

of advanced, high volume disease [173] and is a negative prognostic marker [364] and are routinely 29 

drained to provide relief from debilitating symptoms [365]. 30 

1.5.2. Multicellular Tumour Spheroids in Ovarian Cancer Progression 31 

Within the ascites EOC cells often exist as multicellular aggregates called ‘multicellular tumour 32 

spheroids’ (MCTS) [366]. These MCTS have been shown to resist anoikis [367], exhibit increased 33 

chemo resistance in vitro [368, 369] and are highly tumorigenic in vivo [370]. They have also been 34 

shown to re-attach to adherent surfaces in vitro [371, 372] and are predicted to mediate metastasis 35 

to other abdominal organs [373]. It is suggested that initiation of spheroid formation may rely on 36 

chemotactic signals, for example hepatocyte growth factor, which subsequently trigger up-37 

regulation of cell adhesion molecules, including fibronectin, resulting in increased adhesion 38 

between cells [374].  39 
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The MCTS structure provides a survival advantage to the cancer cells contained within. For 1 

example, MCTS have been seen to be less sensitive to anti-tumour immune effector molecules 2 

including complement and antibodies [375, 376]. Further, tumour cells within MCTS often lack 3 

FasL, inhibiting the action of FAS-bearing immune cells [377]. In addition, the up regulation of 4 

the anti-apoptotic protein, BCL-xL, has been observed in MCTS and represents another pro-5 

survival feature of these structures [378]. 6 

It has been demonstrated that MCTS have three distinct layers; a proliferating outer layer, 7 

quiescent inner layer and a necrotic core [379], which are a result of nutrient, oxygen, pH, CO2 8 

and metabolic waste gradients within the structure [379] (Figure 2). It has been estimated that less 9 

than 40% of cells within spheroids are proliferative [380]. Although the exact mechanism by which 10 

MCTS formation protects cells from chemotherapy has not been fully elucidated, inhibited 11 

diffusion of drugs, the maintenance of a quiescent population within the spheroids, expression of 12 

pro survival genes as a result of cell-cell contact and paracrine/autocrine signalling [378] have 13 

been suggested as likely mechanisms. This is supported by studies demonstrating that disruption 14 

of cell-cell contacts sensitises spheroids to chemotherapy treatment in vitro [381]. It has been 15 

proposed that MCTS represent a chemotherapy resistant niche which can reseed the tumour after 16 

chemotherapy. This is supported by the observation that the MCTS structure confers several 17 

survival advantages and that they have increased capacity to interact with extracellular matrix 18 

(ECM) components and mesothelial cells [382] facilitating invasion and metastatic implantation 19 

into distant mesothelium. In summary, MCTS are of great clinical interest for the effective 20 

treatment of ovarian cancer due to their predicted role in chemotherapy resistance and mediating 21 

metastasis. 22 

 23 

 24 
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Figure 2: Malignant progression of high grade serous ovarian carcinoma (HGSOC) and cellular 1 

populations within multicellular tumour spheroids (MCTS). (A) Malignant progression of HGSOC: 1) 2 
STIC precancerous lesions develop within the fimbriae of the fallopian tube. 2) At an undetermined stage 3 

the STIC lesions translocate to the ovary and establish a neoplastic HGSOC tumour. 3a) Single cells shed 4 

from the primary HGSOC tumour and undergo anoikis in the peritoneal cavity. 3b) Shed HGSOC cells 5 

form together in MCTS to overcome anoikis and remain viable in the peritoneal cavity. 4) MCTS facility 6 
the metastatic spread of HGSOC to adjacent organs including the peritoneal wall. (B) The cellular 7 

populations within a MCTS including proliferative out layer (blue), quiescent inner layer (purple) and 8 

necrotic core (black). These populations arise in response to the metabolic waste, gas, and nutrient 9 

gradient present within the MCTS structure. (Adapted from M. Acland, et al. 2018 [383]) 10 

1.5.3. In vitro Multicellular Tumour Spheroids as a Biological Model of Solid Tumours 11 

Distinct from ascites derived MCTS, which develop de novo during the malignant progression of 12 

ovarian cancer, are in vitro MCTS. They represent a powerful in vitro model which closely 13 

replicate many features of the avascularised tumour [384-387], such as cell-cell and cell-ECM 14 

connections [388, 389], and distinct proliferative layers resulting from gas and nutrient gradients 15 

[379]. 16 

The relevance of in vitro MCTS is supported by the observation that they are more tumourogenic 17 

than single cells when utilised in mouse xenograft models [390], exhibit greater resistance to most 18 

anti-cancer agents [381, 391-393], possess several cancer biomarkers [394, 395] and exhibit gene 19 

expression which more closely replicates solid tumours when compared to the same cells grown 20 

as monolayers [396-399].  21 
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The simplest form of in vitro MCTS is formed from homogeneous cell populations which 1 

spontaneously form MCTS structures when they are prevented from anchoring to tissue culture 2 

plastic and represent a high throughput model which replicates several features of avascularised 3 

tumours. However, these simple models are not capable of replicating several features of solid 4 

tumours including heterogeneous cell populations, paracrine and endocrine signalling, and 5 

immune cell interactions, among others. There are many efforts to overcome these shortcomings 6 

including co-culture MCTS [390] and replication of in vivo signalling [400]. 7 

1.6. Mass Spectrometry Overview 8 

Mass spectrometry (MS) has established itself as an effective technique for the investigation, 9 

identification and quantification of a diverse range of biological molecules [401]. It holds the 10 

advantageous properties of being able to investigate a particular molecular class within a sample 11 

in an unbiased manner. Further to this, it can provide a deep characterisation of the molecular 12 

features of a sample at a single point in time and provide relative quantification of molecular 13 

abundance. This versatile technique has previously been employed in the investigation of cancer 14 

biomarkers [402-405], prediction of chemotherapy response [406-410], and the biology of cancer 15 

progression [411] among many other areas of research.  16 

Most commonly, MS is used to investigate proteins in biological settings, but it is also routinely 17 

used to investigate metabolites and post translational modifications (PTMs) on proteins, primarily 18 

phosphorylation and glycosylation. In this thesis we utilise MS for proteomic and metabolomic 19 

analysis of samples of interest and, for this reason, MS analysis of PTMs will not be discussed 20 

further although they are reviewed here [412]. 21 

1.6.1. Mass Spectrometry Proteomics 22 

Proteins are responsible for most cellular processes and their composition, localisation and 23 

interactions underpin the dynamic processes of cellular function [413]. While traditional analyses 24 

of genomics and transcriptomics have greatly contributed to the understanding of cancer biology, 25 

they do not necessarily reflect the cellular phenotype. This is reflected in the, now well established, 26 

observation that the transcriptome does not necessarily correlate with protein abundance [414, 27 

415]. The power of proteomics is demonstrated by the observation that the expression, abundance, 28 

and chemical nature of proteins, as the functional molecule of the cell, represents a highly accurate 29 

reflection of the cellular phenotype. 30 

Through specific sample preparation, data acquisition and data analysis methods (as described in 31 

Chapter 2) MS can provide identification and relative quantification of thousands of proteins from 32 

a relatively small amount of cellular material. In recent years, proteomic MS has advanced to allow 33 

large scale, deep proteomic analysis in a short period of time [416], from miniscule amounts of 34 

cellular material [417] and in long stored biological samples such as those from formalin fixed 35 

paraffin embedded (FFPE) tissue [418]. 36 

1.6.2. Mass Spectrometry Metabolomics 37 

Metabolites are small molecules which participate in metabolic reactions which are necessary for 38 

cellular function, maintenance and growth [419]. There are more than 100000 predicted, 39 

expected and known human metabolites [420] and, as metabolites are the final response of a 40 
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biological system to environmental change or gene regulation, the metabolome is highly 1 

predictive of phenotype  [419, 421].  2 

Unlike proteins, which are all formed from the same building block, the amino acid, metabolites 3 

have a vast range of chemical properties. This diversity means that no single method can capture 4 

and analyse the entire metabolome at once [422]. A range of sample preparation, data acquisition 5 

and data analysis techniques are utilised to investigate a specific metabolite class in each 6 

experiment.  7 

MS analysis of the metabolome is an emerging technology which has received great interest in 8 

recent years. This technique can capture the metabolomic profile of a given sample at a defined 9 

point in time to provide phenotypical information about the sample.  10 

1.6.3. Utilising Mass Spectrometry for Pan Omics Analysis 11 

MS investigations of proteins and metabolites provide significant insight into the molecular 12 

features of cells and disease states. However, these techniques alone are unable to capture the full 13 

complexity of the molecular features of cancer. In Chapter 4 we combine MS proteomics and 14 

metabolomics in a multiomics approach to characterising the molecular signature of 15 

chemoresistance in ovarian cancer cells. The combination of these omics technologies provides a 16 

deeper and more comprehensive picture of the molecular features of the cell. There is currently 17 

great interest in the combination of multiple omics approaches, including the use of MS based 18 

techniques, to provide truly comprehensive and biologically relevant information about a cellular 19 

state in an approach called ‘panomics’ [418]. 20 

1.7. Our Approach 21 

For this thesis I have explored mass spectrometry approaches to discover new insights into early 22 

OC development, OC spheroids and drug accumulations, and chemoresistance of immortal and 23 

primary OC cells. Research into these features hold the potential to contribute to early detection, 24 

development of novel anticancer agents and advising personalised treatment regimes.  25 

These mass spectrometry-based approaches was performed with a focus on improving techniques 26 

to investigate biologically important features of ovarian cancer, particularly HGSOC, and 27 

improving understanding of the molecular features which underpin the important events in its 28 

progression. This takes the form of developing methods to investigate precancerous lesions, 29 

understanding cancer development through analysis of these lesions, characterising the proteome 30 

and metabolome of chemoresistant ovarian cancer cells, reviewing MS based analyses of MCTS 31 

and utilising in vitro MCTS as a biological model to test novel anti-cancer compounds.  32 

1.8. Aims of the Thesis 33 

The research presented in this thesis aims to provide a systematic investigation of ovarian cancer 34 

through development, progression, and treatment response. Further, our research explores the 35 

importance of MCTS in ovarian cancer progression and utilises in vitro MCTS as a model for 36 

testing anti-cancer compounds. More specifically, the thesis was designed to achieve the 37 

following aims:  38 
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Aim 1: To establish techniques which can provide a molecular insight into the early 1 

development of high grade serous ovarian cancer. 2 

This research has been summarized, submitted and presented in chapter 2 3 

Aim 2: To investigate the molecular features of precancerous lesions of the endometrium and 4 

fallopian tube to characterise their relation to ovarian and endometrial cancer and related 5 

neoplastic or migratory potential. 6 

This research has been summarized, published, and presented in chapter 3  7 

Aim 3: To comprehensively investigate the metabolomic and proteomic features of chemo 8 

resistant high grade serous ovarian cancer. 9 

This research has been summarized, published, and presented in chapter 4 10 

Aim 4: To investigate the proteomic features of MCTS that contribute to progression and 11 

treatment resistance of HGSOC and investigate the spatially defined molecular features of 12 

MCTS. 13 

This research has been summarized, published, and presented in chapter 5 14 

Aim 5: To establish methods of measuring the penetration of novel anti-cancer compounds into 15 

the MCTS model using MALDI MSI. 16 

This research has been summarized and presented in chapter 6 17 
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2.1. Summary of Mass Spectrometry (MS) Proteomics Methodology 1 

There are numerous methods for MS sample preparation depending on the molecule of interest, 2 

the sample, and the purpose of the experiment. Below we outline the methodology for a standard 3 

bottom up (sometimes referred to as ‘shotgun proteomics’) MS proteomic experiment. While these 4 

steps can be modified to achieve specific outcomes, they generally utilise the following workflow: 5 

1) sample acquisition, 2) sample preparation, 3) data acquisition, 4) data analysis, 5) functional 6 

analysis (figure 3). 7 

 8 

Figure 3: Flow diagram of the standard process for proteomic mass spectrometry analysis of biological 9 

samples. (A) Samples are collected, typically from cell culture, liquid, or solid biopsies. (B) Biological 10 
samples are lysed, proteins are isolated and undergo reduction and alkylation. (C) Proteins are digested with 11 

proteolytic enzymes resulting in a peptide mixture. (D) Samples are fractionated with high performance 12 

liquid chromatography. (E) Samples are entered into the mass spectrometer providing mass spectra, and 13 

relative quantification of abundance, for each analyte within the sample. (F) Within the mass spectrometer, 14 
analytes are selected for fragmentation and tandem MS analysis. (G) Application of data base matching to 15 

identify proteins within the sample based on the mass spectra acquired. (H) Functional analysis of identified 16 

proteins of interest to understand altered biological processes or signalling pathways.  17 

2.1.1. Sample Acquisition 18 

One of the advantages of MS based molecular investigations is that it can be applied to a wide 19 

range of sample types, including those which have been stored for extended periods of time. 20 

Common sample sources include cell culture, patient derived cells, preserved tissue, blood, and 21 

plasma. Each of these sample types require specific preparation for MS analysis including cell 22 

lysis and arrest of biological processes. In the following manuscripts and publications, we utilise 23 

a range of ovarian cancer samples for MS investigation including FFPE stored ovarian cancer 24 

tissue, primary ovarian cancer cells maintained in culture and ovarian cancer cell lines. 25 
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2.1.2. Sample Preparation 1 

Various techniques are employed to isolate the target molecules from the sample of interest, for 2 

example the antigen retrieval from FFPE tissue described in chapter 2 or the laser capture 3 

microdissection method described in chapters 1 and 2. Following this, specific sample preparation 4 

protocols are employed for the molecule of interest. 5 

In the case of proteomics this commonly involves reduction (to break disulfide bonds) and 6 

alkylation (to prevent re-establishment of broken disulfide bonds) followed by digestion into 7 

peptides. Digestion typically employs Lys-C and trypsin [423] which specifically cleave proteins 8 

at defined amino acid residues producing a defined set of peptides which can be identified by 9 

search algorithms in subsequent steps. 10 

2.1.3. Data Acquisition 11 

There are a wide range of MS equipment and data acquisition approaches, the extent of which are 12 

beyond the scope of this thesis (reviewed in [401], see [424] for the theoretical basis of MS 13 

instruments). One major challenge of investigating proteins is the inability to amplify them, unlike 14 

genomic material which can be amplified via polymerase chain reaction (PCR). As a result, high 15 

abundance analytes mask the presence of low abundance, but potentially biologically relevant, 16 

analytes in the same sample through the process of ‘ion suppression’ [425]. To overcome this, 17 

most MS workflows incorporate a fractionation process, commonly achieved through 18 

chromatography. High performance liquid chromatography (HPLC) is routinely coupled to MS 19 

instruments and, while there are several different types (reviewed in [426]), we will describe 20 

‘reverse phase chromatography’ as an example. In this process the sample is passed through a 21 

column containing a non-polar material (stationary phase) which binds to the sample. An aqueous, 22 

moderately polar, liquid (mobile phase) is then passed through the column facilitating elution of 23 

molecules off the column. More polar molecules have a lower affinity for the stationary phase and 24 

elute first while less polar molecules elute after resulting in a separation of molecules in the sample 25 

based on their hydrophobicity. Typically, the non-polar content of the mobile phase is increased 26 

gradually over time, facilitating the complete elution of all molecules [426]. 27 

Once fractionated, molecules are charged through an ionisation source. Commonly utilised 28 

ionisation sources include electrospray ionisation (ESI) and matrix assisted desorption/ionisation 29 

(MALDI) [425, 427], although MALDI ionisation is typically performed without prior 30 

fractionation via LC. They then enter a ‘mass analyser’ where ions are separated based on their 31 

mass to charge (m/z) ratio in the presence of an electric or magnetic field.  Finally, the amount of 32 

each species with a specific m/z value are measured [401]. 33 

After measurement of an analyte at a particular m/z it can then be isolated for tandem mass 34 

spectrometry analysis (MS2) with the purpose of acquiring structural information about the analyte. 35 

This isolation is achieved through different methods depending on the instrument (reviewed in 36 

[424]) but results in the isolation of all analytes with a defined m/z. This isolated analyte is then 37 

fragmented, commonly through collision induced dissociation (CID), where an inert gas, typically 38 

helium, is brought into contact with the analyte of interest resulting in fragmentation of the analyte 39 

[424]. These fragments then enter the mass analyser providing a mass spectrum for each fragment 40 

of the selected m/z facilitating up to amino acid level characterisation of a peptide of interest.  41 
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2.1.4. Data Analysis 1 

A typical proteomic LC-MS/MS experiment can provide characterisation and relative 2 

quantification of tens of thousands of peptides. To understand the proteins which these peptides 3 

derive from, data base searching is performed through platforms such as SwissProt (reviewed in 4 

[401]). These data based utilise data from m/z ratios, LC retention times and fragmentation spectra 5 

which are then matched against the data base of to provide protein identification. The relative 6 

abundance of the measured peptides provides quantitative information about protein abundance in 7 

the sample. Through these techniques modern proteomics techniques can provide identification of 8 

over 5000 proteins from just a few thousand cells and provide relative quantification of differential 9 

protein abundance between samples.  10 

2.1.5. Functional Analysis 11 

To understand the biological importance of observed proteomic differences between samples, a 12 

range of biological and functional analyses can be applied. There are several data bases of proteins 13 

describing their biological processes, cellular location, related pathways, binding partners and 14 

related diseases among others [401]. 15 

For example, the Kyoto Encyclopedia of Genes and Genomes (KEGG), can be used to provide 16 

comprehensive data regarding metabolism, signalling and interactions within the cell [428]. By 17 

uploading a list of proteins of interest to an online KEGG analysis platform (e.g. Metaboanalyst 18 

[429]) enriched pathways and biological processes can be identified. This provides comprehensive, 19 

data driven, insight into the biological phenotype of a sample based on their molecular features.  20 

2.2. Matrix Assisted Laser Desorption Ionisation (MALDI) Mass Spectrometry Imaging 21 

(MSI). 22 

Spatially defined molecular information is of great value to the investigation of cancer tissues. 23 

This can be achieved through the application of mass spectrometry imaging (MSI) which acts to 24 

capture a molecular profile of small discrete locations which can be combined across a tissue 25 

section. This is commonly employed to trace the localisation of anti-cancer compounds or 26 

differentiate between cancerous and non-cancerous tissue. 27 

The most common MSI technology is matrix assisted laser desorption ionisation (MALDI) MSI. 28 

The technique uses a matrix which co-crystallises with the sample before directing a laser at a 29 

discrete region facilitates ionisation and sublimation. This produces a mass spectrum at each laser 30 

point which, when combined across a section, can provide spatially defined detection and relative 31 

quantification of analytes. This technique can be utilised for the investigation of a large range of 32 

analytes including peptides [430], metabolites [431], PTMs [432] and drugs [433] across a tissue 33 

section. 34 
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2.3. Summary 1 

HGSOC are characterised by late detection after local metastasis has occurred. This is in part due 2 

to the silent symptoms of this disease and difficulty in detecting it at an early stage. This results 3 

in poor outcomes for patients as standard treatment is rarely curative when HGSOC is detected 4 

after local metastasis. 5 

In recent years it has been seen that most cases of HGSOC do not originate from the ovary, but 6 

rather spread from pre-cancerous lesions located in the fallopian tube called STIC. STIC are 7 

predicted to represent the first developmental stage of these cancers which then migrate to the 8 

ovary before establishing the primary tumour. 9 

In addition to this, serous endometrial cancers typically metastasis throughout the peritoneal 10 

cavity and endometriosis, where endometrial tissue grows in distant locations, has a clear 11 

connection to CCOC and EnOC. There remains the possibility that, in some cases, pre-cancerous 12 

lesions in the endometrium, endometrial intraepithelial carcinomas (EIC), migrate to the ovary 13 

and establish primary cancers (particularly those of the CCOC or EnOC subtype).  14 

While there has been significant research into the origins of these cancers over the past 10 years 15 

there remains disagreement around the prevalence of this precancerous migration, about which 16 

subtypes originate from which tissue and, in the case that ovarian cancer derived from a distant 17 

precancerous lesion, how exactly the cells are able to migrate at this early stage of development.  18 

One of the main barriers to these investigations is the small size of the STIC and EIC 19 

precancerous lesions making them difficult to surgically identify and analyse. While much of the 20 

literature in this space has been developed on the back of genetic studies there remains a gap in 21 

proteomics analysis of these sample types. 22 

In this chapter we outline a method for effective proteomics analysis of these samples. In brief, 23 

after surgical removal and annotation of the precancerous lesions by an experienced pathologist, 24 

we performed a laser capture microdissection (LCM) to isolate the regions of interest followed 25 

by a proteomics sample preparation method established in our lab for both MALDI mass 26 

spectrometry imaging and LC-MS/MS mass spectrometry analysis.  27 

The preliminary results from this technical note identified numerous cancer related proteins 28 

within the STIC and EIC and demonstrated the potential use of MALDI MSI to delineate 29 

between cancerous and healthy tissue based on molecular features. This lays the foundations for 30 

larger scale proteomics analyses of these samples into the future to investigate the potential 31 

metastatic and migratory potential of these precancerous tissues. 32 
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 15 

Abstract: The molecular analysis of small or rare patient tissue samples is challenging and often 16 

limited by available technologies and resources, such as reliable antibodies against a protein of in- 17 

terest. Although targeted approaches provide some insight, here we describe the workflow of two 18 

complementary mass spectrometry approaches, which provide a more comprehensive and non-bi- 19 

ased analysis of the molecular features of the tissue of interest. Matrix assisted laser desorption/ion- 20 

ization (MALDI) mass spectrometry imaging (MSI) generates spatial intensity maps of molecular 21 

features, which can be easily correlated with histology. And liquid chromatography tandem mass 22 

spectrometry (LC-MS/MS) can identify and quantify proteins of interest from a consecutive section 23 

of the same tissue. Here, we present data from concurrent precancerous lesions from the endome- 24 

trium and fallopian tube of a single patient. Using this complimentary approach, we monitored the 25 

abundance of hundreds of proteins within the precancerous, and neighboring healthy regions.  The 26 

method described here, represents a useful tool to maximize the amount of molecular data acquired 27 

from small sample sizes or even from a single case. Our initial data are indicative of a migratory 28 

phenotype in these lesions and warrant further research into their malignant capabilities. 29 

Keywords: Serous endometrial carcinoma; high grade serous ovarian carcinoma; endometrial in- 30 

traepithelial carcinoma; serous tubal intraepithelial carcinoma; proteomics; laser capture microdis- 31 

section; MALDI mass spectrometry imaging; LC-MS/MS 32 

 33 

1. Introduction 34 

Matrix assisted laser desorption/ionization (MALDI) mass spectrometry imaging 35 

(MSI) is a powerful technique for providing spatial information about the molecular en- 36 

vironment of a tissue section without homogenization. This provides greater detail than 37 

traditional immunohistochemistry approaches and compliments pathologist annotation 38 

of regions of interest within a tissue. 39 

This can be complimented by liquid chromatography tandem mass spectrometry 40 

(LC-MS/MS). This technique can be applied to simultaneously identify hundreds of pro- 41 

teins in a single sample providing a temporal snapshot into its molecular features. As pro- 42 

teins represent the functional molecules of the cell, this holds the potential to discover the 43 

state of the cell including its malignant and migratory capabilities. This compliments 44 
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MALDI-MSI analysis by providing confident protein identification and the potential to 45 

provide relative quantification of protein abundance between samples. 46 

Once a tissue has been surgical removed, it is commonly preserved via formalin fix- 47 

ation and paraffin embedding (FFPE) for storage and analysis by a pathologist. This tech- 48 

nique holds the advantage of preserving tissues relatively intact for decades, facilitating 49 

retrospective studies and the acquisition of large sample numbers for molecular investi- 50 

gations. However, the formalin fixation process induces protein crosslinks which until 51 

recently were incompatible with downstream proteomics analyses, including MALDI and 52 

LC-MS/MS. We and others, have established an antigen retrieval method which can be 53 

used in combination with these techniques to access proteins from FFPE tissues [1]. 54 

To demonstrate the potential of these complementary techniques we applied them to 55 

the investigation of precancerous lesions (PLs) of the endometrium and fallopian tube de- 56 

rived from a single patient. Recent advances in the understanding of where serous cancers 57 

of the ovary and endometrium originate from  [2, 3] and the malignant capabilities of 58 

their PLs [3, 4] highlights their relevance in cancer progression and merits deeper molec- 59 

ular investigation.  60 

In serous endometrial cancer (SEC) its precursor, endometrial intraepithelial carci- 61 

noma (EIC) [5], is often accompanied by distant micro metastases in the absence of devel- 62 

oped SEC [3, 4]. While high grade serous ovarian carcinoma (HGSOC) has been identified 63 

as originating from serous tubal intraepithelial carcinomas (STIC) located in the fallopian 64 

tube [6-10]. These PLs are predicted to migrate to the ovary before they establish a primary 65 

tumor. That both PLs hold the potential to migrate to secondary locations before estab- 66 

lishing primary tumors suggest that they possess, yet undiscovered, molecular drivers of 67 

a migratory phenotype. Genomic studies [11] and mouse models [12, 13] have been in- 68 

strumental in establishing the connection between STIC and HGSOC. However, they have 69 

not revealed the molecular events which underpin the observed migration of these sup- 70 

posedly pre-malignant cells. Mass spectrometry methods, including LC-MS/MS and 71 

MALDI MSI, hold the potential to expand our understanding of these early malignant 72 

events. 73 

To investigate PLs using our complimentary mass spectrometry approach they were 74 

first identified using disease specific antibodies and annotated by an experienced 75 

pathologist (Prof. F. Whitehead). We use the pathologist guidance to identify small, pre- 76 

cancerous, regions of interest and investigate them with MALDI MSI. In addition, using 77 

laser capture microdissection (LCM) we demonstrate how small regions of interest can be 78 

isolated for in-depth analysis via LC-MS/MS. We also demonstrate how the use of antigen 79 

retrieval and LCM can be used to facilitate MALDI MSI and LC-MS/MS analysis of FFPE 80 

tissue to provide complimentary spatial and in-depth proteomic information about small 81 

tissue regions of interest.  82 

Here we provide a workflow through which small cancerous samples can be inves- 83 

tigated via complimentary MALDI MSI and LC-MS/MS approaches (Figure 1). This is fa- 84 

cilitated through antigen retrieval, precise microdissection and well-established sample 85 

preparation methods coupled with high sensitivity mass spectrometry. We have success- 86 

fully performed this protocol on PLs from the fallopian tube and endometrium of a single 87 

patient providing spatially defined and detailed proteomics information on these biolog- 88 

ically relevant tissues. 89 
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 90 

Figure 1 (adapted from G. Arentz, et al. (2017) [14]): Workflow of proteomic analysis of small pre- 91 
cancerous regions extracted from FFPE tissue. A) MALDI MSI workflow to acquire spatially defined 92 
molecular information. B) LCM extraction of precancerous regions followed by LC-MS/MS analysis 93 
for the identification of proteins differentially expressed between healthy and precancerous tissue 94 
regions. 95 

 96 

2. Experimental Design 97 

2.1. Materials 98 

1. Acetonitrile, LC-MS/MS grade (1000302500, ACN, Merck, Germany) 99 

2. α-cyano-4-hydroxycinnamic acid (201344, HCCA, Bruker Daltonics, Germany) 100 

3. Ammonium bicarbonate (103025E, Merck, UK) 101 

4. Citric acid monohydrate (C0706, Sigma-Aldrich, Japan) 102 

5. Dithiothreitol (D9163, DTT, Sigma-Aldrich, USA) 103 

6. Eosin (HT110332, Sigma-Aldrich, Germany) 104 

7. ESI-L low concentration tuning mix (G1969-85000, Agilent, USA) 105 

8. Ethanol AR grade (4.10230.2511, Merck, Australia) 106 

9. Ethanol, LC-MS/MS grade (1117272500, Merck, Australia) 107 

10. Formic acid, LC-MS/MS grade (21909098, FA, Sigma-Aldrich, Germany) 108 

11. Iodoacetamide (RPN6302OL/AG, IAA, GE Healthcare, Sweden) 109 

12. Isopropanol AR grade (8187661000, Merck, Germany) 110 

13. Mayer’s hematoxylin (GH5232, Sigma-Aldrich, Germany) 111 

14. Methanol LC-MS/MS grade (1.06018.2500, Merck, Germany) 112 
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15. Milli-Q® ultrahigh purity water (D11951, ≥18.2 MΩ, Barnstead International, USA) 113 

16. Mounting medium (PER40000, Medite, Germany) 114 

17. Neutral buffered formalin (HT501, Sigma-Aldrich, Germany)  115 

18. Sodium hydroxide (1.06498.0500, NaOH, Merck, Germany) 116 

19. Trifluoroacetic acid (1.08262.0100, TFA, Merck, Germany) 117 

20. Trypsin Gold (V5280, Promega, USA) 118 

21. Trypsin sequencing grade (V51111, Promega, USA) 119 

22. Xylene (XA003, Chem-Supply, Australia) 120 

23. Urea (1084870500, Merck, Germany) 121 

2.2. Equipment 122 

• Centrifuge 5810R (Eppendorf, Germany) 123 

• CyberScan PC 300 pH Meter (Eutech Instruments, Singapore) 124 

• Data analysis software (e.g. MaxQuant 1.5.2.8) 125 

• Dry block heater (Ratek, Australia) 126 

• Flexcontrol v3.4, fleximaging v4.0 and flexanalysis v4.0 software (Bruker Daltonics, 127 

Germany) 128 

• Glass coplin Jar (H441, ProSciTech, Australia)  129 

• High performance liquid chromatography (HPLC) vials (6820.0029, Dionex, The 130 

Netherlands) 131 

• ImagePrep (Bruker Daltonics, Germany) 132 

• Incubator at 37˚C (Boekel Scientific, USA) 133 

• Indium-tin-oxide (ITO) slides (237001, Bruker Daltonics, Germany) 134 

• Leica EG 114OH embedder (Leica Biosystems, Australia) 135 

• Leica TP 1020 processor (Leica Biosystems, Australia) 136 

• Leica Zeiss Laser capture microdissection system (Leica Microsystems, Germany) 137 

• Mass spectrometer (e.g. Maxis Impact II QTOF (Bruker Daltonics, Germany) 138 

• Mass spectrometric data acquisition software [e.g. QTOF control (version 3.4) and 139 

hystar (version 3.2)] 140 

• Microm HM 325 microtome (Zeiss, Germany) 141 

• Microwave (LG 700 W MS19496, LG, China) 142 

• MTP slide adaptor II (Bruker Daltonics, Germany) 143 

• NanoDrop 2000 (Thermo-Fisher Scientific, USA) 144 

• Nanozoomer (Hamamatsu, China) 145 

• nano-HPLC Ultimate 3000 RS system (Dionex, The Netherlands) 146 

• Polyethylene naphthalate (PEN) membrane slides (11505158, MicroDissect, Germany) 147 

• Thermomixer (Eppendorf, Germany) 148 

• Tipp-Ex (water-based white out, Winc, Australia). 149 

• Scanner (CanoScan 5600 F, Canon, Thailand). 150 

• SpeedVac concentrator (Savant SVC 100, Thermo Scientific, USA) 151 

• SCiLS lab 2016b (Bruker Daltonics, Germany) 152 

• Superfrost Plus microscopic slides (6.700 125, Thermo scientific, Germany) 153 

• Ultraflextreme MALDI TOF TOF (Bruker Daltonics, Germany) 154 

• Ultra-low -80˚C freezer (SANYO, Japan) 155 

• Vivacon ultrafiltration spin columns (VS0101, Sartorius Vivacon 500, 10 000 MWCO 156 

HY) 157 

• ZipTip C18 (ZTC18M096, Millipore, MA) 158 

 159 

3. Procedure 160 

3.1. Tissue collection 161 
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Collect the tissue(s) of interest and snap freeze in liquid nitrogen immediately after 162 

the surgery.  163 

1. In our study, tissues were collected after total abdominal hysterectomy and bilateral 164 

salpingo-oophorectomy was performed on a patient with endometrial hyperplasia at 165 

the Royal Adelaide Hospital, Adelaide, Australia with written informed consent from 166 

the patient. The study was approved by the Ethics committee of the Royal Adelaide 167 

Hospital. 168 

2. Process the tissue(s) using standard procedure [15]. Briefly, fix the tissue(s) in 10% 169 

(v/v) neutral buffered formalin overnight at 4˚C, followed by washing with milli-Q® 170 

water and storing in 70% (v/v) ethanol before processing them with a Leica TP 1020 171 

processor. Embed the tissue in paraffin using a Leica EG 114OH embedder. In our 172 

study, tissues were processed and embedded by histology services at the University 173 

of Adelaide, Adelaide, Australia. Critical step: Formalin fixation time depends on the 174 

tissue size, on an average formalin penetrates tissue ~1 mm/h [16]. 175 

3. Section the FFPE block(s) using Microm HM 325 microtome at 4µm thickness and wa- 176 

ter bath mount at 38˚C onto PEN membrane slides for LC-MS/MS, ITO slides for 177 

MALDI MSI and superfrost slides for staining purposes.  178 

4. Dry the slide(s) at 37˚C for 1h, followed by overnight drying at room temperature. 179 

5. For pathological identification, stain the tissue(s) using H&E or antibody using stand- 180 

ard protocols [15]. Here, identification of PLs (Figure 2) was performed by an experi- 181 

enced pathologist, Prof. Whitehead, using H&E and antibody stained tissue(s) for P53 182 

and M1B1 (data not shown). Areas of STIC, EIC and adjacent healthy epithelium were 183 

annotated as shown in Supplementary Figure 1. 184 

 185 
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Figure 2. Hematoxylin and Eosin-stained fallopian tube (A and B) and endometrium tissue (C and 186 
D) at 6x (A and C) and 12x (B and D) magnification. Areas of STIC (B) and EIC (D) are indicated by 187 
the red arrows. (Figure adapted from ‘Proteomics Analysis of Serous Lesions of the Endometrium 188 
and Fallopian Tube Reveals Their Metastatic Potential, Acland, et al. (2020) [17]. 189 

3.2. Laser capture microdissection and protein extraction for LC-MS/MS 190 

6. Place the PEN membrane slide(s) on a heating block at 60˚C for 5 min, tissue facing 191 

up. 192 

7. Remove paraffin by dipping the slide(s) in xylene for 90 sec followed by 2 min incuba- 193 

tion in 100% ethanol (repeat twice), 5 min incubation in Milli-Q®  water (repeat twice) 194 

and then stain the slide with hematoxylin for 20 sec or until the tissue appears purple. 195 

Critical step: Staining time depends upon the concentration/age of the solution and/or 196 

thickness of the tissue section. 197 

8. Destain the slide in Milli-Q® water and then with 70% (v/v) ethanol for 1 min. 198 

9. Let the slide dry at room temperature.  199 

10. Load the stained slide and compatible LCM tubes into the Leica Zeiss LCM system. 200 

Critical step: To avoid tissue sticking to the side, 5µL of 10mM citric acid buffer can be 201 

added to the cap of an LCM tube  202 

11. Carefully cut out the regions of interest(s) (ROI) and ensure that each ROI have been 203 

collected into the cap of separate tubes. The tissue before and after LCM dissection of 204 

the tissue is shown in Supplementary Figure 1. 205 

12. Briefly, centrifuge the tubes and make sure that the tissue region(s) are in the buffer 206 

and at the bottom of the tube. Pause step: tissue(s) can be stored for months at -80˚C 207 

13. To retrieve the proteins, add 200µL of 10mM citric acid and boil the tubes for 100 min 208 

at 98˚C on a thermomixer. 209 

14. Let the tubes cool at room temperature and centrifuge briefly.  210 

15. Protein concentration can be estimated at this point using Bradford assay, EZQ assay, 211 

nanodrop or tryptophan assay. We used NanoDrop 2000 at 280nm. 212 

 213 

3.3. Trypsin digestion and peptide clean-up for LC-MS/MS 214 

Our group prepared the samples as per Wisniewski et al. [18] protocol with minor 215 

modifications 216 

16. Remove the supernatant and replace with 200μL of lysis buffer (8M urea in 100mM 217 

ammonium bicarbonate with final concentration of DTT to 50mM), followed by incu- 218 

bation at 20°C for 1 h. 219 

17. Put the Vivacon FASP filters into the provided 1.5mL centrifuge tube, rinse the col- 220 

umns three times with 100μL of 100 mM ammonium bicarbonate by centrifuging at 221 

14,000g for 10 mins, followed three times with 100µL of lysis buffer. Critical Step: Once 222 

the column gets equilibrated, try not to dry them out. This can be done by retaining a 223 

little amount of buffer on top of the column. 224 

18. Replace the collection tube with a fresh 1.5mL centrifuge tube. Load the tissue samples 225 

into the spin columns and centrifuge at 14,000g for 10 min at room temperature. Crit- 226 

ical Step: To make sure the proper binding of proteins to the FASP membrane, this 227 

step can be repeated twice with the flow-through.  228 

19. Discard the flow-through and subsequently alkylate the samples with 55mM IAA in 229 

100mM ammonium bicarbonate, followed by incubation in dark at room temperature 230 

for 30 min.  231 

20. Centrifuge the filters as step 17 above and wash the membrane twice with 100μL of 232 

100mM ammonium bicarbonate, followed by one wash with 100μL of 50mM ammo- 233 

nium bicarbonate. 234 

21. Digest the alkylated proteins at 37˚C overnight with sequencing grade trypsin at an 235 

enzyme to substrate ratio of 1:50 in 100μL of 5mM ammonium bicarbonate. Critical 236 
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step: To minimize the evaporation and drying of the peptides, bottom of the tubes can 237 

be filled with water and must be sealed using paraffin. 238 

22. After overnight incubation, add 0.1% FA to stop the digestion. 239 

23. Elute tryptic peptides off the filter by centrifuging the tubes at 14,000g for 10 mins. 240 

24. Dry the samples by vacuum centrifugation without heating.  241 

25. Reconstitute the peptides in 2% (v/v) ACN, sonicate for 5 min, vortex and centrifuge 242 

briefly.  243 

26. Estimate the peptide concentration using nanodrop at 205nM wavelength.  244 

27. Samples were then acidified to a final concentration of 0.1% FA and placed in HPLC 245 

vials for peptide LC-MS/MS analysis (proceed to step 29). Alternatively, an optional 246 

extra clean up step can be done using C18 Zip-tips. This will remove any residual salt 247 

that may be remaining.  248 

28. C18 ZipTip preparation: Prepare the ZipTips as per manufacture’s protocol. Critical 249 

step: Use one tip per sample.  250 

• Equilibrate the tips three times with 100% ACN and followed three times with 251 

0.1% FA (v/v).  252 

• Load the peptide samples ten times by pipetting the digest up and down  253 

• Wash the samples six times with 0.1% FA (v/v).  254 

• Elute the bound peptides six times with 60% (v/v) ACN containing 0.1% (v/v) FA.  255 

• Dry the eluted peptide mixture using a speedVac without heating.  256 

• Resuspend the peptides in 2% (v/v) ACN, sonicate for 5 min, vortex and centrifuge 257 

briefly. Pause step: Samples can be stored at -80˚C until required. 258 

3.4. nanoLC-MS/MS analysis 259 

Set up the LC and MS instrument as described under equipment setup 260 

29. Prepared peptide samples can now be loaded onto an HPLC system connected online 261 

to a mass spectrometry. Our laboratory uses an ultimate 3000 HPLC system (Dionex, 262 

Thermo-Fisher Scientific) connected online to a maxis impact II QTOF (Bruker Dalton- 263 

ics).  264 

30. Inject ~1µg of each sample and load for 8 min at a flow rate of 5µL/min in 2% (v/v) 265 

ACN, 0.1% (v/v) FA onto a C18 trapping column. Critical step: Based on the flow rate 266 

and tubing size, sample loading time and gradient should be optimized for the instru- 267 

ment in use  268 

31. Separate peptides onto a C18 analytical column using 2% (v/v) ACN in 0.1% (v/v) FA 269 

(Buffer A) and 80% (v/v) ACN in 0.1% (v/v) FA (Buffer B) at a flow rate of 300nL/min. 270 

Gradient used in our laboratory was 5% to 45% buffer B over 130 min, followed by 271 

gradual increase of buffer B from 45% to 90% for 1 min and then held at 90% buffer B 272 

for 20 min, followed by re-equilibration of the column for 20 min at 5% buffer B, for a 273 

total run time of 180 mins.  274 

32. Depending on the selected ion source and the HPLC flow rate, appropriate settings for 275 

nebulizer and dry gas must be selected. In our laboratory, the column eluent from the 276 

LC connected online to Bruker’s CaptiveSprayTM source optimized to capillary volt- 277 

age of 1300V with capillary temperature of 150˚C, at a nebulizing pressure of 3L/mins. 278 

33. Data-dependent acquisition can be performed using Bruker’s Shotgun InstantExperti- 279 

seTM method. This is an advanced intelligent method to provide greater coverage and 280 

data analysis compatibility. Instead of the typical Top Intensity or Increasing m/z se- 281 

lection, this method uses a simplified acquisition model via an intelligent duty cycle 282 

optimizer. In this method 283 

• Depth of sampling is auto optimized  284 

• Acquisition speed for each MS/MS event is auto regulated  285 

• Acquisition exclusion is auto optimized  286 

• Peak depth has been optimized on collision cell recovery using factory settings 287 

34. On the orthogonal TOF systems the mass range for MS and MS/MS mode is the same. 288 

For tryptic peptides we recommend setting the mass range to 50 to 2,200 m/z 289 
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35. Exclude the singly charged precursor ions from acquisition, avoids the selection of 290 

singly charged background ions, as well as polymer signals.  291 

36. As determined by the m/z of the precursor ion, range the collision energy from 23 to 292 

65%.  293 

37. Set-up a sample table in HyStar and select appropriate LC and MS methods for the 294 

sample analysis. 295 

3.5. LC-MS/MS Data analysis  296 

For quantitative label-free proteomics, LC-MS/MS raw files can directly be analyzed 297 

using freely available MaxQuant software at https://www.maxquant.org/down- 298 

load_asset/maxquant/latest.  299 

Detailed steps on how to run maxquant with integrated Andromeda search engine is 300 

explained by Tyanove, et al. (2016) [19]. Note: MaxQuant version 1.5.2.8 is used in this 301 

study 302 

38. The standard Bruker QTOF settings can be used with a mass error tolerance of 40ppm, 303 

more specific parameters defined as below: 304 

• Select appropriate. fasta files, for e.g. UniProt human reviewed database 305 

• Select the digestion enzyme to Trypsin  306 

• Set the maximum number of missed cleavages to 1 307 

• Select fixed modification to carbamidomethyl of cysteines 308 

• Select variable modification of oxidation of methionine 309 

• Set the protein false discovery rate (FDR) and peptide spectrum match FDRs to 1% 310 

using a target decoy approach 311 

• Set minimum peptide length of seven amino acids 312 

• Set only unique and razor peptides when reporting protein identifications 313 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 314 

Consortium via the PRIDE partner repository [20] with the data set identifier PXD018538. 315 

 316 

3.6. In-situ tryptic peptide MALDI MSI analysis 317 

Prepare the slide as per Gustafsson et al. [21] 318 

39. Place the ITO slide onto a heating block at 60°C for 1 h. 319 

40. Wash the slide twice in 100% xylene for 5 min each  320 

41. Wash the slide twice in 100% ethanol for 2 min each  321 

42. Rinse the slide twice with 10mM ammonium bicarbonate for 5 min each 322 

43. Place the slide in an empty cleaned coplin jar and fill the remaining slots with blank 323 

super frost slides (to prevent the formation of big air bubbles during the antigen re- 324 

trieval step). 325 

44. Fill the coplin jar with 10mM citric acid monohydrate and microwave it at high power 326 

for 1.05 min or until the citric acid starts to boil. 327 

45. Once the citric acid reached the boiling point, microwave the slide for 10 min at power 328 

10. 329 

46. Following microwave incubation, rapidly transfer the coplin jar to a heating block set 330 

at 98°C for 30 min. 331 

47. Remove the slide from the coplin jar and allow to cool down at room temperature. 332 

48. Rinse the slide twice with 10mM ammonium bicarbonate. 333 

49. Dry the slide at room temperature for ~10min. 334 

50. Apply teach marks on the 4 sides of the slide using Tipp-Ex (water-based white out). 335 

51. Scan the slide at a 2400dpi resolution (CanoScan 5600 F, Canon, Thailand). 336 

52. Adjust the spray offset on the ImagePrep station (Bruker Daltonics), such that the 337 

spray lasts for at least 54 sec and cover the whole slide slot. Global Power Adjustment 338 

set at 38% spray power with 0% modulation. 339 

53. Dilute 40µL of the trypsin gold aliquot with 160µL of 25mM ammonium bicarbonate 340 

and load directly onto the spray generator of the ImagePrep. 341 

54. Spray the trypsin using trypsin deposition method as detailed in 2.4.2. 342 

https://www.maxquant.org/download_asset/maxquant/latest
https://www.maxquant.org/download_asset/maxquant/latest
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55. After trypsin deposition, incubate the slide at 37°C for 2 h in a humidified chamber. 343 

56. After 1.45 h, thaw, vortex and flick centrifuge an aliquot of internal calibrant and spray 344 

the internal calibrant using the same method as of trypsin. 345 

57. Fill the ImagePrep solution vial with the matrix and adjust the spray offset for the 346 

matrix deposition as detailed in 2.4.2 347 

58. After matrix deposition, remove the slide from the Imageprep and clean both ends of 348 

the slides with 100% methanol 349 

59. Load the prepared slide into an MTP slide adapter II and acquire the data using the 350 

ultrafleXtreme MALDI TOF/TOF instrument  351 

60. Using the flexcontrol, create an autoXecute method with the following required set- 352 

tings: 353 

• Select the optimised and calibrated flexControl method in the general tab 354 

• Turn the fuzzy control off and set the optimized laser power (we used 50% laser 355 

power) 356 

• No background list should contain in the evaluation tab 357 

• 500 shots acquired in 500 shot steps with dynamic termination and random walk 358 

off 359 

• Choose an appropriate data processing method as of step 61. 360 

61. Create a flexAnalysis method with the following defined settings: smoothing by 361 

Gaussian (2 cycles with the width of m/z 0.02), TopHat baseline subtraction, Monoiso- 362 

topic SNAP peak algorithm and the quadratic recalibration using the calibrations 363 

masses (1296.685, 1570.677, 2147.199 and 2932.588) with mass tolerance of 500 ppm. 364 

62. Open flexImaging and create a new sequence with sample preparation type of uni- 365 

formly distributed coating and 60µm raster width for this workflow. 366 

63. Teach the slide using the scanned slide and check the teaching by moving the sample 367 

carrier at various points on the slide 368 

64. Create the polygon measurement of region(s) and save the flexImaging sequence. 369 

65. Optimize the laser power by shooting the laser outside the tissue region and on the 370 

calibrants sprayed. 371 

66. Calibrate the flexcontrol method from the calibration tab in the flexcontrol and save 372 

the method. Critical Note: Make sure monoisotopic peaks are resolved to baseline. 373 

67. Start the data acquisition from the flexImaging checklist menu 374 

68. After data acquisition, remove the slide from the instrument and wash the matrix us- 375 

ing 70% ethanol (AR grade) and H&E stain using the standard procedure, briefly 376 

• Rinse the slide with 70% ethanol (AR grade) for 5mins or until the matrix is re- 377 

moved 378 

• Dip into deionized water for 30 sec 379 

• Immerse in hematoxylin solution (Mayer’s) for 50 sec 380 

• Wash with tap water for 5 min 381 

• Immerse in eosin solution for 30 sec 382 

• Rinse with 70% ethanol (AR grade) for 30 sec  383 

• Rinse with 90% ethanol (AR grade) for 30 sec  384 

• Rinse with 100% ethanol (AR grade) for 30 sec  385 

• Rinse with 100% isopropanol (AR grade) for 30 sec  386 

• Rinse twice with xylene for 1 min each 387 

• Apply the mounting medium onto the cover slide  388 

• Cover the tissue section with the coverslip and gently pressed it onto it 389 

• Let the slide dry overnight at room temperature under the fume hood. 390 

69. Scan the slide at 20X objective using a Nanozoomer and co-register the scanned slide 391 

using fleximaging edit drop down menu “co-register image” and save the sequence. 392 

70. Mark the region(s) of interest as per pathologist’s annotation, in our case EIC and nor- 393 

mal endometrium. 394 
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71. Load the raw data into SCiLS lab v2016b and process there by selecting the instrument 395 

type “Time-of-flight”, Import raw, fallback to reduced spectra and TopHat as the base- 396 

line subtraction method. 397 

72. Open the imported dataset, set the denoising as week, baseline removal as TopHat and 398 

change the file properties from the file drop down menu to 0.125Da. 399 

73. Using the Peak picked algorithm from the tools drop down menu, create a list of peaks 400 

detected and manually go through each m/z values that are differentially regulated in 401 

the region(s) of interest (Figure 3). 402 

 403 

 404 
 405 

Figure 3: MALDI MSI on an endometrial tissue (A) Representative ion intensity image of m/z 406 
1220.644 ± 0.125 Da (B) The ROC curve of m/z 1220.644 (AUC 0.795) for precancerous versus normal 407 
region (C) Comparative spectra of m/z 1220.644 Da between precancerous and normal region. Scale 408 
bar is 1.4 cm, ion intensity ranges from blue (lowest) to yellow (highest) 409 

 410 

4. Expected Results 411 

In this manuscript, we outline two mass spectrometry protocols, which complement 412 

each other and provide unique insight into the molecular details of concurrent ovarian 413 

and endometrial PLs from a single patient.  414 

The EIC and STIC lesions were found in the endometrium and fallopian tube respec- 415 

tively and tissues were embedded via a standard FFPE protocol [15]. Identification of the 416 

PL was achieved through immunoperoxidase staining for p53 and MIB1 (data not shown) 417 

which are identifying features of these PLs [5, 22]. In addition, indications of cell 418 
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transformation such as hyperchromasia, nuclear atypia and nucleomegaly were utilized 419 

to advise an experienced pathologist in the identification of precancerous regions [5, 23] 420 

(Figure 2). 421 

Using MALDI MSI, we identified almost 600 hundred molecular features (Supple- 422 

mentary Table 1) of which 72 could be used to distinguish between healthy and precan- 423 

cerous tissue. We chose to display the analyte with mass to charge ratio (m/z) of 1220.64 424 

Daltons (Da) (Figure 3) which, as demonstrated in the ROC curve, can be utilized to con- 425 

fidently delineate between cancerous and non-cancerous regions in this sample. While 426 

antibody-based techniques are a powerful tool for identifying different regions of tissue, 427 

they can be complemented by the MALDI MSI method presented here to gain additional 428 

molecular information.  429 

While MALDI MSI is a powerful technique to gather spatially defined molecular in- 430 

formation, the lack of peptide fragmentation makes protein identification difficult. To 431 

overcome this, we incorporated LC-MS/MS to complement our MALDI MSI analysis (Fig. 432 

1).  433 

To excise regions of interest for LC-MS/MS analysis we employed LCM using a Leica 434 

Zeiss LCM system. Advised by the annotations of an experienced pathologist and the dis- 435 

tribution of analytes visualized through MALDI MSI, we were able to successfully isolate 436 

these small, but biologically relevant, regions of tissue.  437 

Proteins were extracted from the isolated regions of tissue using an antigen retrieval 438 

protocol [24] and digested using a modified FASP protocol [18] and then analyzed on 439 

maxis impact II QTOF connected online to an ultimate 3000 nano-LC  before protein 440 

identification via MaxQuant. Through isolation of peptides, subsequent fragmentation 441 

and analysis of this secondary MS spectra, details of amino acid structures were gathered. 442 

Protein identification was achieved using the MaxQuant analysis platform, in combina- 443 

tion with the Andromeda data base.   444 

This resulted in a total of 453 proteins detected across the four tissue types [25]. 445 

Through the analysis of this data several metastasis related proteins were identified [25]. 446 

For example, the protein transketolase was identified here in both the STIC and EIC pre- 447 

cancerous lesions. This protein has previously been seen to be upregulated in peritoneal 448 

metastasis of ovarian cancer and its expression correlates with reduced over-all survival 449 

[26]. The presence of metastasis related proteins in the PLs investigated here merits further 450 

investigation into their migratory and metastatic potential and the molecular events 451 

which underpin them.  452 

We have previously utilized this approach to investigate spatially defined alterations 453 

in protein expression in vulva and endometrial cancer [27, 28]. These techniques have also 454 

been utilized to accurately classify endometrial cancers with associated lymph node me- 455 

tastasis [29].  456 

Here, we outline a method for the complementary tissue specific proteomic analysis 457 

of ovarian and endometrial PLs. MALDI MSI investigation of these tissues was able to 458 

identify an analyte which could successfully delineate between cancerous and non-can- 459 

cerous tissue (Figure 3). Guided by MALDI MSI ion intensity maps and the annotation of 460 

an experienced pathologist, we were able to dissect precancerous areas using LCM (Sup- 461 

plementary Figure 1). We were able to successfully identify hundreds of proteins from 462 

each sample using LC-MS/MS. Our lab has previously utilized these techniques [1, 27-36] 463 

demonstrating their broad utility.  464 

Depending on sufficient sample material and utilization of the appropriate data ac- 465 

quisition method, LC-MS/MS also has the potential to quantify relative protein abundance 466 

between ROIs or between samples. Due to the unique nature of the samples investigated, 467 

this was not feasible here. Though small sample size is a limitation, one which could be 468 

overcome by the analysis of numerous biological replicates, LC-MS/MS can achieve rela- 469 

tive quantification of protein abundance. This could provide further information about 470 

molecular perturbations present in PL compared to their neighboring tissue. 471 
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5. Discussion  472 

In this manuscript we outline a protocol for acquisition of spatially defined proteo- 473 

mic information from small regions of FFPE tissue. This was achieved through the appli- 474 

cation of MALDI MSI to acquire spectra from across the tissue section in a spatially de- 475 

fined manner. In combination with annotation by an experienced pathologist, the MALDI 476 

information was used to advise LCM of regions of interest which were then investigated 477 

through a specific sample preparation workflow coupled with high sensitivity label free 478 

LC-MS/MS analysis. This analysis resulted in the identification of hundreds of proteins 479 

differentially expressed between the different tissues including some which were indica- 480 

tive of a metastatic and migratory potential possessed by these PLs. 481 

Identification and characterization of the PLs investigated here is made difficult 482 

through their small size, particularly in relation to the surrounding healthy tissue. Here, 483 

we demonstrate that MALDI MSI is a technique which holds great utility for identifying 484 

and characterizing small tissue regions from a larger tissue section. This technique utilizes 485 

a matrix which is sprayed homogenously over the tissue facilitating laser induced ioniza- 486 

tion/desorption of analytes which are then analyzed through a time of flight (TOF) mass 487 

spectrometer. This provides spectra at each discrete location which the laser was directed 488 

towards. By acquiring data from these locations across the tissue a spatially defined mo- 489 

lecular analysis can be achieved.  490 

To demonstrate the utility of MALDI MSI we presented the distribution of a single 491 

ion (m/z=1220.64Da) which was able to differentiate between the healthy and precancer- 492 

ous areas of the tissue. In combination with the numerous other analytes present in this 493 

analysis (Supplementary Table 1) this shows that the proteomic landscape can be signifi- 494 

cantly different between adjacent regions of tissue and that PLs represent a significant 495 

perturbation in their protein expression compared to the tissue from which they derived. 496 

Our lab has previously used MALDI MSI to delineate regions of ovarian cancer tissue [33], 497 

to investigate spatially defined alterations in protein expression in vulva and endometrial 498 

cancer [27, 28] and to providing predictive information of the metastatic status of endo- 499 

metrial cancer based on a primary cancer biopsy [29] demonstrating the robustness and 500 

broad utility of this technique. 501 

Through the application of tailored sample preparation and label free LC-MS/MS 502 

analysis, we demonstrate the ability to acquire detailed proteomic information from small 503 

formalin fixed tissue sections. This was facilitated through the precise isolation of regions 504 

of interest through LCM. This technique is well established and holds great utility for the 505 

molecular investigation of small but biologically important tissue regions. In combination 506 

with accurate annotation and characterization of different tissue regions, this can facilitate 507 

the LC-MS/MS mediated identification of proteins, thereby providing a temporal snap- 508 

shot into the molecular landscape within these samples. 509 

Further analysis of the proteins identified in this experiment revealed several pro- 510 

teins indicative of a migratory phenotype in these PLs, including transketolase. This was 511 

achieved through simple analysis of proteins identified within the cancerous regions 512 

which were not present in the healthy tissue. A larger sample set would provide the op- 513 

portunity to acquire quantitative information regarding relative protein abundance be- 514 

tween samples. This has the potential to characterize up and down regulation of proteins 515 

which is indicative of oncogenic transformation or migratory potential. 516 

A larger sample set would also facility more complex data analysis approaches in- 517 

cluding, but not limited to, network and pathway analysis. A further advantage of this 518 

approach is that it investigates the tissue in an unbiased manner facilitating discovery of 519 

new molecular features rather than relying on targeted approaches such as immunohisto- 520 

chemistry. 521 

One of the limitations or proteomics analysis of small sample sizes is that many pro- 522 

teins will be extracted at levels which are below the limit of detection for this technique. 523 

However, with improvement of instrumentation this proteome coverage will continue to 524 

improve rapidly [37].  525 
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While the technology is advancing, we can improve protein coverage by using com- 526 

plementary proteomics approaches. One of the advantages of this protocol is that the an- 527 

tigen retrieval and LCM processes can be coupled with a range of other MS based tech- 528 

niques using method specific sample preparation steps. For example, our lab has investi- 529 

gated spatially defined glycan expression through a combination of MALDI mass spec- 530 

trometry imaging, LCM, glycan specific sample preparation and LC-MS/MS, in a range of 531 

sample types and conditions [31-34, 36]. Into the future this opens the possibility of sys- 532 

tematic investigations of precancerous samples, through a range of omics techniques to 533 

unlock more molecular details. 534 

PLs located within the endometrium and fallopian tube require more detailed inves- 535 

tigation to understand the early stages of their oncogenic development. Barriers to this 536 

investigation include acquisition of the PLs in the first instance, accurate identification of 537 

precancerous regions and the acquisition of unbiased spatially defined and detailed mo- 538 

lecular information. There are several challenges relating to the acquisition of PLs in the 539 

first instance, but the method presented here overcomes barriers to the acquisition of spa- 540 

tially defined and detailed molecular information from these samples. This is achieved 541 

through MALDI MSI and LCM followed by LC-MS/MS. In this pilot study these compli- 542 

mentary techniques provide a detailed picture of the molecular terrain of endometrial and 543 

fallopian tube tissue and suggest that the PLs located there possess a migratory phenotype 544 

which merit further investigation. In conjunction with other mass spectrometry-based 545 

methods, the workflow described here can be used to identify and quantify proteins from 546 

small areas of tissue and provide novel insights into the early stages of cancer develop- 547 

ment, which are complementary to genomics data. 548 

 549 

6. Reagent and Equipment Set Up 550 

6.1. Reagent Set Up 551 

10 mM citric acid monohydrate pH 6 552 

For 500mL of 10mM citric acid, weigh 1.05g of citric acid monohydrate and dissolve 553 

in 480mL milli-Q® water. Adjust the pH to 6.0 using 1M NaOH (~16 mL required). Make 554 

up the volume to 500mL with milli-Q® water. Note: It can be stored for 30 days at room 555 

temperature. It can be stored for 30 days at room temperature. 556 

100 mM ammonium bicarbonate 557 

For 50mL of 10mM ammonium bicarbonate, weigh 394mg into a polypropylene con- 558 

tainer and make up to 50mL with milli-Q® water. Note: Must be prepared fresh, as the 559 

pH of the solution changes over time 560 

10 mM ammonium bicarbonate  561 

For ~500mL of 10mM ammonium bicarbonate, dilute 50ml of 100mM ammonium bi- 562 

carbonate into 450mL milli-Q® water. Note: Must be prepared fresh, as the pH of the so- 563 

lution changes over time 564 

25 mM ammonium bicarbonate  565 

For ~500µL of 25mM ammonium bicarbonate, dilute 125µL of 100mM ammonium 566 

bicarbonate into 475µL milli-Q® water. Note: Must be prepared fresh, as the pH of the 567 

solution changes over time 568 

8M urea in 100 mM ammonium bicarbonate 569 

For 10mL of 8M urea in 100mM ammonium bicarbonate, weigh 4.80g urea and 80mg 570 

ammonium bicarbonate in a polypropylene container and make up to 10mL with milli- 571 

Q® water. Note: Use high quality reagents and make fresh each day. 572 

DTT (1,4-Dithiothreitol)  573 

Must be made fresh or from a concentrated solution stored at -80˚C. We make it at 574 

1M and store it in 100uL aliquot at -80˚C. 575 

IAA (Iodoacetamide)  576 
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Must be made fresh or from a concentrated, frozen solution. We make it at 550mM 577 

and dilute it 1/10 before use with 8M Urea in 100mM ammonium bicarbonate. Note: IAA 578 

is light sensitive. 579 

LC buffer A (2% (v/v) ACN with 0.1% (v/v) FA)  580 

Dilute 20mL of ACN in 979mL of milli-Q® water and 1ml of FA. 581 

LC buffer B (80% (v/v) ACN with 0.1% (v/v) FA)  582 

Dilute 800mL of ACN in 199mL of milli-Q® water and 1ml of FA. 583 

Trypsin Gold 584 

Dissolve 100µg lyophilized trypsin gold in 200µL 5mM NH4HCO3 and split it into 585 

40µL aliquots and freeze at –80°C until required 586 

Internal calibrant solution 587 

Prepare the calibrant stock solution as per Gustafsson, et al. (2012) [38]. Briefly, com- 588 

bine the below calibrants in appropriate amounts, vortex and flick centrifuge. Split into 589 

100µL aliquots & store at -80°C until required 590 

Table 1:  591 

Calibrants Peptide mass 

[M+H]+ 

Final concentra-

tion 

Angiotensin I34-43 (C10-00002, BioRad, Hercules, USA) 1296.685 0.4pmol/µL 

[Glu1]-fibrinopeptide B (F3261, Sigma-Aldrich, St. Louis, 

USA) 

1570.677 0.4pmol/µL 

Dynorphin A 1-17 (2032, Auspep, Australia) 2147.199 2.0pmol/µL 

ACTH 1-24 (A0298, Sigma-Aldrich, St. Louis, USA) 2932.588 2.0pmol/µL 

TFA (10%)  0.2% (v/v) 

Milli-Q® Water (≥18.2 MΩ)   

 592 

7 mg/mL α-cyano-4-hydroxycinnamic acid  593 

Dissolve 70mg of HCCA in 10mL of 50% ACN, 49.8% milli-Q® water and 0.2% TFA. 594 

 595 

6.2. Equipment Set Up 596 

6.2.1. nano-HPLC system 597 

LC instrument needs to be optimized in advance. Instrument specific settings utilized 598 

in our lab is as below 599 

Analytical column Acclaim PepMap100 C18 75μm × 50cm, 164568, Thermo- 600 

Fisher Scientific 601 

Trap column Acclaim PepMap100 C18 75μm × 20mm, 164535, Thermo-Fisher 602 

Scientific 603 

Mobile phases A: 2% (v/v) ACN with 0.1% (v/v) FA in milli-Q® water,  604 

B: 80% (v/v) ACN with 0.1% (v/v) FA in milli-Q® water 605 

Loading solvent 2% (v/v) ACN with 0.1% (v/v) FA in milli-Q® water 606 

Flow rate  300nL/min 607 

Gradient 5% buffer B for 8 mins 608 

5–45% buffer B over 130 mins 609 

45–90% buffer B in 1 min 610 

90% buffer B for 20 mins 611 

90-5% buffer B for 1min 612 

5% buffer B for 20 mins 613 

Column temperature 60˚C 614 

Sample loading  µLpickup 615 

Injection amount ~1µg 616 
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ImagePrep  617 

Adjust the spray offset for trypsin and matrix deposition prior to the spray.  618 

- Deposit the trypsin using Bruker’s default method with minor modifications, set- 619 

tings used: 620 

38% Spray Power with 0% Modulation, total number of 30 cycles with spraying time 621 

of 1.25 sec and 45 sec of drying. 622 

- Deposit the matrix using Bruker’s default HCCA method with minor modifica- 623 

tions, settings used: 624 

Phase Sensor Nebulization Incubation Drying 

1 0.65V within 8-20 cycles 

20% spray power ±35% 

modulation with fixed 

spray time of 2.5 sec 

10 sec 90 sec 

2 30 Sec drying 

3 0.1V within 4-10 cycles 

20% spray power ± 35% 

modulation with 0.05V 

sensor-controlled spray 

time 

30 sec ± 30 

sec 

Complete dry 

every cycle, safe 

dry 10 sec 

4 0.1V within 8-12 cycles 

20% spray power ± 35% 

modulation with 0.1V sen-

sor-controlled spray time 

Grade 20% ± 

40% complete 

dry every 2 cy-

cle, safe dry 20 

sec 

5 0.3V within 12-30 cycles 

25% spray power ± 35% 

modulation with 0.2V sen-

sor-controlled spray time 

Grade 30% ± 

40% complete 

dry every 3 cy-

cle, safe dry 30 

sec 

6 
0.6 ±0.5V within 20-64 cy-

cles 

25% spray power ± 35% 

modulation with 0.3V sen-

sor-controlled spray time 

Grade 40% ± 

40% complete 

dry every 4 cy-

cle, safe dry 40 

sec 

7 
0.6 ±0.5V within 20-64 cy-

cles 

25% spray power ± 35% 

modulation with 0.3V sen-

sor-controlled spray time 

Grade 40% ± 

40%, complete 

dry every 4 cy-

cle, safe dry 40 

sec 

 625 

 626 

6.2.2.Mass spectrometer system 627 

ESI- maxis Impact II QTOF  628 

Mass spectrometer (MS) must be calibrated as per the vendor’s recommendations. 629 

For example, calibration on maxis Impact II QTOF can be performed using Agilent’s ESI- 630 

L low concentration tuning mix on an enhanced quadratic calibration mode using 631 

Bruker’s default calibration MS method. 632 

Additionally, optimize the ionizing and spray condition and, if necessary, adjust the 633 

MS/MS timing with regards to the chromatographic peak width, mean number of precur- 634 

sor ions, averages in MS & MS/MS as well as active exclusion timing. 635 

MALDI-ultrafleXtreme TOF/TOF 636 
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On the flexControl, load an appropriate reflectron positive method for the m/z range 637 

of 800-4500. 638 

Optimize the laser power, offset, repetition rate, detector gain and acquisition rate. 639 

 640 
Supplementary Materials: The following supporting information can be downloaded at: 641 
www.mdpi.com/xxx/s1, Figure S1: Images of fallopian tube and endometrium tissues sections be- 642 
fore and after laser capture microdissection. Table S1: List of m/z values identified from MALDI 643 
MSI analysis of endometrium and fallopian tube precancerous lesions and adjacent healthy tissue.  644 
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2.5. Supplementary Data 1 

 2 

 3 

Supplementary Figure 1: Endometrial and fallopian tube tissue sections before and after laser 4 

capture microdissection (LCM). A) Endometrial tissue section before LCM. B) Endometrial 5 

tissue section after EIC is extracted via LCM. C) Fallopian tube tissue section before LCM. D) 6 

Fallopian tube tissue section after STIC is extracted via LCM. 7 
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Supplementary Table 1: 1 

Full list of molecular features identified in EIC and STIC via MALDI Mass Spectrometry. 2 

(Can be found online – pending publication) 3 
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3.1. Summary 1 

Having established the method for proteomic analysis of precancerous lesions located within the 2 

endometrium and fallopian tube, as outlined in the previous chapter, additional LC-MS/MS 3 

analysis was performed. Samples from a single patient, who displayed both EIC and STIC in the 4 

absence of synchronous gynaecological malignancy, were investigated. We utilise gene 5 

expression data bases to compare proteins of interest to gene expression in numerous subtypes of 6 

ovarian and endometrial cancer to further elucidate a connection between these precancerous 7 

lesions and subsequent invasive carcinoma.  8 

In addition to providing an insight into the connection between these precancerous lesions and 9 

subsequent invasive carcinoma, we identified numerous migration and metastasis related 10 

proteins in the precancerous lesions. Together, this suggests that these lesions may possess more 11 

metastatic potential than previously thought and may establish tumours in the ovary, 12 

endometrium, or peritoneum at an early stage in their development. 13 

While our findings are restricted by the single case study nature of the sample, it represents the 14 

first proteomic analysis of these precancerous lesions in a patient which does not have 15 

synchronous cancer. This is of great importance in the investigation of lesions which are truly 16 

precancerous and not simply metastatic implants from a more developed primary tumour. This 17 

establishes the foundation for further proteomics analyses of precancerous lesions of the ovary 18 

and endometrium to better understand the early steps in their neoplastic development. 19 
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Proteomic Analysis of Pre-Invasive
Serous Lesions of the Endometrium
and Fallopian Tube Reveals Their
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Serous endometrial cancer (SEC) and high grade serous ovarian cancer (HGSOC) are
aggressive gynecological malignancies with high rates of metastasis and poor prognosis.
Endometrial intraepithelial carcinoma (EIC), the precursor for SEC, and serous tubal
intraepithelial carcinoma (STIC), believed to be the precursor lesion for HGSOC, can also
be associated with intraabdominal spread. To provide insight into the etiology of these
precancerous lesions and to explore the potential molecular mechanisms underlying their
metastatic behavior, we performed a proteomic mass spectrometry analysis in a patient
with synchronous EIC and STIC. Through histological and molecular identification of
precancerous lesions followed by laser capture microdissection, we were able to identify
over 450 proteins within the precancerous lesions and adjacent healthy tissue. The
proteomic analysis of STIC and EIC showed remarkable overlap in the proteomic patterns,
reflecting early neoplastic changes in proliferation, loss of polarity and attachment. Our
proteomic analysis showed that both EIC and STIC, despite being regarded as
premalignant lesions, have metastatic potential, which correlates with the common
presentation of invasive serous gynecological malignancies at advanced stage.

Keywords: proteomics, serous tubal intraepithelial carcinoma, endometrial intraepithelial carcinoma, serous
endometrial carcinoma, high grade serous ovarian carcinoma

INTRODUCTION

Endometrial cancer (EC) is the 6th most common cancer in women worldwide and is the most
common gynecological malignancy (1). Despite significant advances in early detection (2),
molecular subtyping (3, 4), and new or improved treatment regimens (5), the relative survival of
patients with EC has declined in recent times (6, 7).
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Serous endometrial carcinoma (SEC) is a highly aggressive
malignancy (8). It represents only 10% of EC cases (9, 10) but is
responsible for 39% of EC related deaths (11) and is frequently
diagnosed at late stage when prognosis is poor (9, 10). The
current model of SEC development suggests that it evolves from
a pre-neoplastic lesion in atrophic endometrium called
endometrial glandular dysplasia (EmGD) (12, 13). This lesion
then progresses further into endometrial intraepithelial
carcinoma (EIC) and, finally, into SEC (14).

EmGD is characterized by loss of cell polarity, nuclear atypia,
and nuclear hyperchromasia (12). It has a marked loss of
heterozygosity in TP53 and chromosome p1; however, this is to a
lesser extent than that seen in EIC and SEC (12). Although quite
difficult to identify, nucleomegaly and staining for p53, MIB-1 as
well as IMP3 are characteristics of EmGD (14). The connection
between EmGD and SEC has been confirmed through identical
mutations observed in EmGD and subsequent SEC (15).

EIC was first described in the 1990s (16) and seen to arise
almost exclusively in atrophic endometrium and in the context of
SEC in a majority of cases (17). EIC exhibit similar features as
EmGD but with further nucleomegaly, nuclear irregularity and
hyperchromasia (14). However, cases of EIC associated with
extrauterine metastasis suggest that EIC may more closely
resemble SEC (18, 19). This early peritoneal spread is in stark
contrast to non-serous endometrial cancers which usually do not
show early peritoneal spread but preferentially invade the
myometrium and spread to the lymph nodes (18, 19).

SEC closely resembles other serous cancers of the female genital
tract, such as high grade serous ovarian cancer (HGSOC) (4). Both
diseases share similarmolecular features andclinical properties (20)
and, consequently, are treated in a similar way (21, 22).

In recent years the fallopian tube has been identified as the
precursor site of HGSOC, specifically serous tubal intraepithelial
carcinoma (STIC) (23–27). These lesions are identified
histopathologically by a “p53 signature” comprised of strong
p53 staining (28), p53 mutations (29), positive g-H2AX staining
(indicating DNA damage) and lack of Ki-67 staining (indicating
low proliferation) (30) (Table 1). STICs share many genomic
features with HGSOC, such as genomic instability (31, 32), and
HGSOC has a gene expression profile more similar to the
fallopian epithelium than the ovarian surface epithelium (33).

Results from studies using mouse models have established a
connection between STIC and subsequent HGSOC (34, 35).
Inactivation of PTEN, p53 and BRCA1/2 in the fallopian tubes
of mice resulted in STIC and concurrent HGSOC with ovarian

and peritoneal spread (34, 35). However, in the absence of
BRCA1/2 inactivation, STIC developed but did not progress to
metastatic HGSOC in this mouse model (34).

Cases of HGSOC arising in the absence of STIC (35–37) have
also been reported suggesting that other, as yet unidentified,
precursor lesions might exist (38). “Early Serous Tubal
Proliferations” (ESTP) have been identified as a potential HGSOC
precursor. They are found in the fimbria (30), demonstrate DNA
damage (30), andare found innon-ciliated cells,which also give rise
to STIC (39). A physical and lineage continuity has been
demonstrated between ESTP and STIC suggesting that some
ESTP give rise to STIC and subsequently to HGSOC (30, 32).

The understanding that HGSOC arises from the fallopian
tube in many cases has changed the understanding of serous
ovarian cancer. Now serous cancers of the fallopian tube,
peritoneum and ovary are thought to share a common origin
in the fallopian tube (20). While it is well established that many
HGSOC arise from the fallopian tube, it has not been excluded
that some serous cancers of the endometrium and ovary may
share common origins. For example, Roelofsen et al. (40)
suggested that some serous ovarian cancers (SOC) may arise
from EIC by showing that they shared TP53 mutations, similar
expression of p53, Ki67, estrogen, and progesterone receptors
(40). Additionally, Tolcher et al. (20) analyzed 38 patients with
SEC and investigated their fallopian tubes. They found STIC,
without evidence of tubal metastasis, in 2 of these cases (20).

To better understand the potential link between serous
preinvasive lesions of the female genital tract and serous
gynaecological cancer, molecular investigations of the
precursor lesions of the endometrium and fallopian tube are
required. Here, we present the first proteomic analysis of
synchronous precancerous lesions of the endometrium and
fallopian tubes in a patient without invasive malignancy, by
means of mass spectrometry. This precludes the possibility of
these premalignant lesions representing metastases from
established primary tumors. The analysis of EIC and STIC in
this context provides insight into the temporal and mechanistic
features of their development and dissemination.

MATERIALS AND METHODS

Sample
Archived formalin-fixed paraffin-embedded (FFPE) fallopian
tube and endometrial tissues from a 67-year-old female who

TABLE 1 | Morphological and molecular features of precancerous lesions of the gynecological tract.

Location Precancerous
lesion

Morphological features Molecular features

Endometrium EmGD Some nuclear atypia, some nucleomegaly. Low rates of loss of heterozygosity in TP53 and chromosome P1. p53 mutations in 50%
of cells. Staining for P53, MIB1, and IMP3.

EIC Extensive nuclear atypia, extensive
nucleomegaly, hyperchromasia.

High rates of loss of heterozygosity in TP53 and chromosome P1. p53 mutations in 75%
of cells. Strong staining for P53, MIB1, and IMP3.

Fallopian
tube

ESTP No visible morphological features. TP53 mutations, p53 staining, DNA damage.
STIC Hyperchromasia, nucleomegaly. TP53 mutations, p53 and MIB1 staining, DNA damage, Chromosomal instability.
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had undergone a total abdominal hysterectomy and bilateral
salpingo-oophorectomy for endometrial hyperplasia was
retrieved for analysis with approval of the Research Ethics
Committee of the Royal Adelaide Hospital. The fallopian tube
and endometrial tissues were processed using standard
procedures, stained with hematoxylin and eosin, and annotated
by a pathologist. P53 and MIB1 immunostaining was also
performed to confirm the location of precancerous lesions.

Laser Microdissection and Sample
Preparation
FFPE tissues were sectioned at 4-µm thickness, water bath
mounted onto PEN membrane slides (Micro-Dissect, Herborn,
Germany), and deparaffinized by submersion in xylene for 5 min,
following by two 2-min incubations in 100% ethanol, and two 5-
min incubations in water. Areas of STIC, EIC and adjacent
healthy epithelium were dissected using a Leica AS LCM
microscope (Leica Microsystems, Wetzlar, Germany) into 20 ml
of 10 mM citric acid buffer (pH = 6) and subjected to heat
induced antigen retrieval by incubation at 100°C for 90 min. The
solution containing the protein extracts were digested with
trypsin gold (Promega, Madison, WI, USA) as described in
Mittal et al. (41) using a modified FASP method (42). In brief,
protein extracts were mixed with 0.2 ml of 8M urea in 0.1M Tris/
HCl, pH 8.5 before being loaded into a 30k Microcon filtration
device (Millipore) and centrifuged at 14,000g for 15 min. This
step was repeated to ensure the removal of any residual
contaminants. Samples were reduced with 5 mM DTT (Roche)
for 45 min at room temperature and alkylated with 10mM
iodoacetamide (IAA) (GE Healthcare, Little Chalfont, UK) for
30 min at room temperature in the dark followed by
centrifugation at 14,000g for 15 min. The protein concentrate
was diluted with 0.2mL of 8M urea in 0.1M Tris/HCl, pH 8.5,
and spun again at 14,000g for 15 min. This step was repeated
twice. Samples were buffered with 10mM NH4HCO3 and
digested with 100ng trypsin gold overnight at 37°C. Peptides
were collected by centrifugation of the filter unit at 14,000g
for 20 min.

Nanoflow Liquid Chromatography Tandem
Mass Spectrometry
Nanoflow liquid chromatography tandem mass spectrometry
(Nano-LC-MS/MS) was performed on each sample in duplicate
using an Ultimate 3000 RSLC system (Thermo-Fisher Scientific,
Waltham, USA) coupled to an Impact HD™ QTOF mass
spectrometer (Bruker Daltonics, Bremen, Germany) via an
Advance CaptiveSpray source (Bruker Daltonics). Peptide
samples were pre-concentrated onto a C18 trapping column
(Acclaim PepMap100 C18 75 mm × 20 mm, Thermo-Fisher
Scientific) at a flow rate of 5 ml/min in 2% (v/v) ACN 0.1% (v/v)
TFA for 10 min. Peptide separation was performed using a 75 mm
ID C18 column (Acclaim PepMap100 C18 75 mm × 50 cm,
Thermo-Fisher Scientific) at a flow rate of 0.2 ml/min using a
linear gradient from 5 to 45% B (A: 5% (v/v) ACN 0.1% (v/v) FA,
B: 80% (v/v) ACN 0.1% (v/v) FA) over 130 min, followed by a 20-
min wash with 90% B, and a 20-min equilibration with 5% A. MS

scanswere acquired in themass range of 300 to 2,200m/z in a data-
dependent fashion using Bruker’s Shotgun Instant Expertise™

method. This method uses IDAS (intensity dependent acquisition
speed) to adapt the speed of acquisition depending on the intensity
of precursor ions (fixed cycle time), and RT2 (RealTime Re-Think)
to exclude previously selected precursor ions from undergoing re-
fragmentationunless the chromatographic peak intensity of the ion
has increased by a factor of 5. Singly charged precursor ions were
excluded from acquisition. Collision energy ranged from 23% to
65% as determined by the m/z of the precursor ion.

Data Analysis
Spectra were analyzed using the MaxQuant software (version
1.5.2.8) with the Andromeda search engine (43) against the
UniProt non-redundant human database. The standard Bruker
QTOF settings in MaxQuant were used with a mass error
tolerance of 40 ppm. The variable modifications of oxidation
of methionine and the fixed modification of carbamidomethyl of
cysteines were specified, with the digestion enzyme specified as
trypsin. The protein false discovery rate (FDR) and peptide
spectrum match FDRs were both set to 1% using a target
decoy approach, with a minimum peptide length of 7 amino
acids (43). Only unique and razor peptides were used when
reporting protein identifications.

Gene Expression Analysis
In order to assess the gene expression levels of the corresponding
proteins of interest in early stage I ovarian carcinoma tissues, the
dataset of Yoshihara et al. (44) [Gene Expression Omnibus
(GEO) Accession GSE12470, http://www.ncbi.nlm.nih.gov/geo/
] was considered. From this dataset the expression of EPCAM
and CAPS was considered in 8 in early stage I patients compared
to 10 healthy peritoneum control tissues. The results were
natural log transformed and compared using paired T-tests
and p-values < 0.05 were considered significant. Full patient
details are available in the Yoshihara et al. (44) manuscript.

To assess the gene expression levels of the corresponding
proteins of interest in differing subtypes of EOC, the dataset of
Hendrix et al. (45) (GEO Accession GSE6008, http://www.ncbi.
nlm.nih.gov/geo/) was considered. From this dataset the
expression of TPPP3, SORD and VCAN was investigated in 37
endometrioid, 41 serous, 13 mucinous, and 8 clear cell ovarian
carcinoma tissues, and 4 normal control tissues. Transformation
of the data and full patient details are available from the Hendrix
et al. (45) manuscript. Groups were compared using paired T-
tests and p-values < 0.05 were considered significant.

With the aim to assess the gene expression levels of
corresponding proteins in early stage 1 endometrial carcinoma
tissue, Rwas used to investigate the data set ofDays et al. (46) (GEO
Accession GDS4589, http://www.ncbi.nlm.nih.gov/geo/). This this
dataset the expressionofEPCAMandCAPSwere investigated in79
endometrioid and 12 serous papillary endometrial carcinoma
tissues, and in 12 normal control tissues. The results were natural
log transformed and compared using pairedT-tests. P-values< 0.05
were considered significant. Full patient details are available
through the Day’s et al. (46) manuscript.
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To evaluate the gene expression levels of corresponding
proteins in different subtypes of endometrial carcinoma tissue,
R was used to investigate the data set of Kandolth et al. (4)
(https://gdc.cancer.gov/node/875). From this data set the
expression of TPPP3, SPATA18, ERO1A, SORD and VCAN
were investigated in 13 CN high, 15 CN low, 16 MSI
hypermutated, and 4 POLE ultra-mutated carcinoma tissues.
Transformation of the data set is detailed in Kandolth et al. (4).
Groups were compared using paired T-tests and p-values < 0.05
were considered significant. Full patient details are available in
the Kandolth et al. (4) manuscript.

RESULTS

Histological Analysis Identifying STIC and
EIC
Upon analysis of the H&E stained tissue sections, atypical
intraepithelial proliferation involving a small population of
cells in the endometrium were identified. These changes were
consistent with early stages of EIC (Table 1). Similarly, atypical
changes involving a small population of cells in the fimbriated
tube (Table 1), consistent with early stages of STIC, were
detected and both EIC and STIC are represented in Figure 1.
Immunoperoxidase staining for p53 and MIB1 revealed atypical
intraepithelial epithelial proliferations in both the fimbriated
tube and endometrial lining, confirming the presence of STIC
and EIC (data not shown).

Proteomic Comparison of Healthy
Epithelia to STIC and EIC
Regions of STIC, EIC, and adjacent healthy epithelium were laser
microdissected (LMD) from sectioned tubal and endometrial
specimens and analyzed by Nano-LC-MS/MS. In total, 453
proteins were detected across the 4 tissue types (369 proteins
in the STIC, 110 proteins in healthy tubal epithelium, 428
proteins in EIC, and 162 proteins in healthy endometrial
epithelium (Supplementary Table 1).

When comparing the numbers of identified proteins, the
greatest overlap occurred between STIC and EIC with 348
identical proteins identified in both samples. Across all tissue
types 73 proteins were detectable, with 96 identical proteins
identified in both the STIC and healthy tubal tissue, 157 identical
proteins detected in both the EIC and healthy endometrial tissue,
and 85 identical proteins were detected in both healthy tissues
(Figure 2).

Proteins Relevant to STIC, EIC, and the
Development of Gynecological Cancer
In analyzing potential links between STIC and EIC cells and their
respective invasive carcinomas, two of the identified proteins
were of particular interest based on their involvement in
gynecological cancer development: Epithelial cell adhesion
molecule (EPCAM) and Calcyphosin (CAPS) (47–49). EPCAM
was identified in both the STIC and EIC tissue samples but was
not detected in either of the healthy tissues while CAPS was only
detected in the healthy tube and in STIC.

FIGURE 1 | Hematoxylin and Eosin stained fallopian tube (A, B) and endometrium tissue (C, D) at 6× (A, C) and 12× (B, D) magnification. Areas of STIC (B) and
EIC (D) are indicated by the red arrows.
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Expression of EPCAM and CAPS in Early
Stage Serous Ovarian Carcinomas
Compared to Healthy Peritoneal Tissue
To evaluate the expression of EPCAM and CAPS in early stage I
serous ovarian carcinoma tissues, oligonucleotide microarray
data was considered from the GEO data set GSE12470 (44).
We chose to investigate the expression of these genes in early
stage ovarian cancer as this is expected to be the stage following
STIC in the development of serous ovarian cancer. STIC lesions
were not deemed an appropriate comparison samples as they are
often taken in the context of metastatic disease and potentially
represent metastatic implants, and therefore more developed
cancer, rather than true precursor lesions.

The gene expression levels were analyzed in 10 healthy
peritoneal control tissues compared to 8 Stage I serous EOC
tissues. The median expression levels of both CAPS and EPCAM
were found to be significantly increased in the Stage I serous OC
tissues compared to healthy peritoneal controls (p = 0.00014 and
p = 3.3 × 10−7, respectively) (Figure 3).

Healthy OSE is infrequently available for research purposes
given healthy ovaries are rarely removed during any type of
medical procedure. Healthy peritoneum is an effective control
because the lining of the ovaries is comprised of a single-cell
mesothelial layer of poorly differentiated epithelium derived
from the coelomic epithelium and extended to the serosa

peritoneal cavity (50). In addition, it has been reported that
peritoneal mesothelium and OSE are structurally very similar
(51) and are both negative for EPCAM and CAPS expression
(52, 53).

Expression of EPCAM and CAPS in Early
Stage Endometrial Carcinoma Compared
to Healthy Endometrial Tissue
To assess the expression of EPCAM and CAPS in early stage
endometrial cancer, oligonucleotide microarray data was
considered from the GEO data set GDS4589. The gene
expression levels were analyzed from 79 endometrioid and 12
serous papillary endometrial carcinomas as well as 12 healthy
controls. The median expression of CAPS was increased
significantly in EEC (p = 0.00066), while it was significantly
decreased in SEC (p = 0.023) compared to healthy endometrium.
The median expression of EPCAM was significantly increased in
EEC (p = 0.02) and further increased in SEC (p = 0.0007)
compared to healthy controls (Figure 4).

Expression of Proteins Identified
Exclusively in the STIC or EIC Across
Ovarian Cancer Subtypes
Proteins detected exclusively in either the STIC or EIC tissues
were analyzed to determine if their expression is specific to

FIGURE 2 | Venn diagram describing overlapping protein identifications in endometrial intraepithelial carcinoma (EIC), healthy endometrium (HE), serous tubal
intraepithelial carcinoma (STIC) and healthy fallopian tube (HFT). A significant overlap of (348 proteins) is observed between EIC and STIC (diagram generated at
http://bioinformatics.psb.ugent.be/webtools/Venn/).
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certain gynecological tissues. Marker proteins expressed
exclusively by the precancerous cells of either the tube or
endometrium, which are also expressed by ovarian carcinomas,
may aid in determining the tissue specific origin of HGSOC.
Eighteen proteins were detected exclusively in the STIC tissue
and 57 proteins in the EIC tissue. Of these proteins a small
number appear to be specific to certain gynecological tissues
according to Protein Atlas; 2 identified from STIC (MIEAP,

TPPP3), and 3 identified from EIC (ERO1A, DHSO, CSPG2/
VCAN). These proteins and their tissue specificities across all
gynecological tissues are listed in Table 2. The remaining
proteins appeared to be more homogenously expressed and
hence were not analyzed further.

The gene expression levels corresponding to the proteins
listed in Table 2 were compared using oligonucleotide
microarray data from the GEO data set GSE6008 (Figure 5).

A B

FIGURE 4 | Gene expression analysis of (A) CAPS and (B) EPCAM in early stage endometrioid (EEC) (n = 79) and serous (SEC) endometrial carcinoma (n = 12)
compared to normal endometrium (NE) (n = 12). Expression levels were extracted from the data of Days et al. (46) (GEO Accession GDS4589, http://www.ncbi.nlm.
nih.gov/geo/) using R.

A B

FIGURE 3 | Gene expression of (A) CAPS and (B) EPCAM in early stage I serous ovarian cancer tissues (SOC) (n = 8) compared to normal peritoneum (NP) (n =
10). Expression levels were extracted from the data of Yoshihara et al. (44) (GEO Accession GSE12470) via the R package CuratedOvarianData (http://www.ncbi.
nlm.nih.gov/geo/).
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For the gene TPPP3 there was reduced expression in ovarian
clear cell carcinoma compared to healthy tissue and other
ovarian cancer subtypes. SORD showed significantly lower
expression levels in the normal control tissues, and to a smaller
extent, in serous ovarian carcinoma compared to the other

subtypes. The high expression of SORD, whose related protein
was detected only in EIC in our data set, in non-SOC was
unexpected as the protein atlas reports low expression of SORD
in ovarian cancer. CSPG2/VCAN expression, which was detected
at the protein level in EIC only, was increased in CCOC when

A B

C

FIGURE 5 | Expression levels of genes whose protein abundance is specific to certain to gynaecological tissues. (A) SORD, (B) TPP3, and (C) VCAN in 4 normal
ovarian (NO), 8 clear cell (CCOC), 37 endometrial (EEOC), 13 mucinous (MOC), and 41 serous (SOC) ovarian carcinomas. Blue dots represent data points from late
stage patients while the red represent early stage. Data gathered from Hendrix et al. (45) (GEO Accession GSE6008, http://www.ncbi.nlm.nih.gov/geo/).

TABLE 2 | Proteins identified exclusively in the STIC or EIC that appear to be specific to certain gynecological tissues.

Protein Detected
In

Protein abundance levels in healthy tissues * Protein abundance in
ovarian cancer *

Protein abundance in
endometrial cancer *

Mitochondrial eating protein (MIEAP),
SPATA18#

STIC High in fallopian tube, low in endometrium and breast.
Not expressed in the ovary.

Low Low

Tubulin polymerization-promoting protein
member 3 (TPPP3), TPPP3

STIC Medium in glandular cells of the endometrium and
cervix. Highly enriched in tube, negative in ovaries.

Medium Medium to high

Endoplasmic reticulum oxidoreductin1-like
protein alpha (ERO1A), ERO1A#

EIC High in cervix and medium in endometrium. No
expression in tube or ovary.

Low Low

Sorbitol dehydrogenase (DHSO), SORD EIC High in endometrium, cervix/uterinus, and low in breast.
Negative in tube and ovaries.

Low Medium

Versican core protein (CSPG2), VCAN EIC High in placenta. Medium in cervix/uterus, and
endometrium. Low in tube and ovaries.

Low to medium Low to Medium

*According to Protein Atlas (http://www.proteinatlas.org/).
#Not present in the Hendrix et al. data set. (45).
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compared to the normal tissue and other EOC subtypes
(Figure 5).

Expression of Proteins Identified
Exclusively in STIC or EIC Across
Endometrial Cancer Subtypes
By investigating the gene expression corresponding to proteins in
our data set which are enriched in specific gynecological tissues,

we aimed to investigate the connection between preneoplastic
lesions of the endometrium and tube with subtypes of
endometrial cancer as defined by the TCGA. The expression
levels of the genes corresponding to the proteins listed in Table 1
were compared using oligonucleotide microarray data from
Kandolth et al. (4) (https://gdc.cancer.gov/node/875) (Figure 6).

They were selected as their related proteins were found
exclusively in a precancerous lesion and their abundance

A B

D

E

C

FIGURE 6 | Expression levels of genes whose proteins are associated with specific gynecological tissues. (A) ERO1A, (B) TPPP3, (C) SPATA18, (D) SORD, and
(E) VCAN in 13 copy number (CN) high, 16 micro satellite instability (MSI) hypermutated, 4 POLE ultra-mutated, and 15 CN low. Here, the blue dots represent data
points from late stage patients while the red represent early stage cancers. Data from Kandolth et al. (4) (https://gdc.cancer.gov/node/875).
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(according to protein atlas) was unique to specific gynecological
tissue. However, most did not show different gene expression
between the TCGA defined subtypes, except for TPPP3 and
SPATA18, which both showed decreased expression in the CN
high (serous) subgroup compared to other subtypes (Figure 6).
These proteins were detected exclusively in STIC in our analysis
and their expression was seen to be decreased in SEC compared
to healthy controls (Supplementary Figure 2).

Proteins Associated With Metastasis
Identified in STIC or EIC
The 34 identified proteins expressed exclusively in STIC and/or
EIC which are known to be involved in metastasis or migration
were listed in Supplementary Table 2. Most of these proteins are
implicated in the promotion of metastasis, with the exceptions of
Galectin-9 (54, 55), Mimecan (56, 57), and Catenin alpha-1 (58,
59) which have been implicated in the inhibition of metastasis.

DISCUSSION

The application of proteomic techniques, particularly that of
mass spectrometry, hold the potential to provide a temporal
snapshot of the molecular features within a given sample. Here,
we provide what is, to the best of our knowledge, the first
proteomic analyses of synchronous precursor lesions of serous
endometrial and high-grade ovarian cancer. Through
histological and molecular identification of precancerous
lesions, followed by laser-capture microdissection and mass
spectrometry analysis, we were able to identify over 450
proteins within the precancerous lesions and adjacent healthy
tissue. The proteomic profiles of the precancerous lesions
showed striking similarity (Figure 1) and shared a molecular
profile indicative of metastatic transformation (Supplementary
Table 2). To investigate the connection between these
precancerous lesions and serous gynecological malignancies we
investigated the gene expression of several proteins of interest in
serous endometrial and ovarian cancer data sets (Figures 3–6).

EPCAM and CAPS were selected for further investigation based
on their implication in the development of ovarian and endometrial
cancer (47–49). Genomic analysis of their expression in Stage I SOC
compared to peritoneal control tissue revealed significantly increased
levels in the cancerous specimens (Figure3). It iswell recognized that
EPCAMexpression has a complex relationship to SOCdevelopment
(60); however, it has not previously been identified in STIC or other
gynecological precancerous lesions. This transmembrane adhesion
molecule plays a role inmigration andproliferation inwoundhealing
(61) as well as the maintenance of pluripotency in stem cells (62).

The exact function of CAPS is unknown, but it is a suggested
target of cAMP-dependent protein kinase and has been
implicated in the cAMP and calcium-phosphatidylinositol
signaling cascades (63). According to protein atlas, CAPS has
high expression in the fallopian tube but is not expressed in
healthy OSE (http://www.proteinatlas.org/ENSG00000152611-
CAPSL/tissue) which is in agreement with our identification of
this protein in both the healthy fallopian tissue and STIC.

Interestingly, CAPS gene expression was seen to be increased
in SOC compared to control tissue (Figure 3). Furthermore,
EPCAM is not expressed in healthy ovarian surface epithelium
(OSE) (53) but is frequently up regulated in ovarian cancer (60).
The single case study presented here is insufficient to draw
broader conclusions about potential markers of tissues of
origin, but we believe that expression of EPCAM and CAPS
merit further investigation in a larger cohort.

To further investigate proteins which may act as markers of
tissue of origin in SEC or SOC, we investigated proteins
identified exclusively in either the STIC or EIC which were
unique to specific gynecological tissues according to protein
atlas. CSGP/VCAN was identified exclusively in EIC, was seen
to have increased expression in COCC compared to other
ovarian cancer cell types (Figure 5) and had increased
expression in SEC compared to healthy control tissue
(Supplementary Figure 2). This protein has been previously
seen to be increased in COCC (64, 65) and represents a potential
link between EIC and COCC. COCC has been suggested to arise
from endometriosis lesions (66) potentially representing a
pathway for endometrial origin of COCC.

A previous mass spectrometry-based analysis of ovarian cancer
precursor lesions was performed by Levenon et al. (67) and
investigated ex vivo culture derived cells from fallopian tube
fimbria (67). Their proteomic analysis identified 11 different
ovarian cancer biomarkers present in this ex vivo model. A larger
study by M. Eckart et al. (68) investigated both tumor and stroma
tissue from STIC, invasive fallopian tube lesions, invasive ovarian
lesions and omental metastasis (68). In addition to identifying N-
methyltransferase (NNMT) as a metabolic regulator of cancer
associated fibroblasts, they also showed that the molecular profiles
of primary cancers andmetastatic implants were remarkably similar
within the same patient while the microenvironment showed site
specific differences. The STIC lesion they investigated showed lower
expression compared to normal tube in 4 of our proteins of interest
(CAPS, ERO1A, TPPP3, and SPATA18) and similar expression in 2
(EPCAM and SORD). Only VCAN showed marginally increased
expression in STIC compared to normal fallopian tube epithelium
in this analysis. The authors’ focus on stromal tissue, a lack of
normal epithelial ovarian or omental controls and the potential that
STIC represents metastatic lesions from a primary ovarian tumor
limits further comparison to this data set.

The traditional understanding of cancer development is that
it acquires metastatic capacities over time within the primary
lesion (69). However, the identification of STIC as the origin site
of HGSOC implicates that these pre-invasive lesions can leave
their site of origin and establish themselves in distant locations.
In addition, EIC is often identified with extrauterine spread (18,
19) which can take the form of EIC like growths on the ovaries,
peritoneum and fallopian tube in the absence of obvious disease
in these locations (16, 18). Together, this suggests that these
premalignant lesions possess some migratory or metastatic
ability facilitating their translocation to distant sites within the
gynecological system. Here, we identified numerous metastasis
and migration related proteins in precancerous lesions in the
absence of malignant disease (Supplementary Table 2).
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A major limitation of this study is that the data is derived from a
single patient case study which makes generalized interpretation of
biological implication of this data difficult. Furthermore, only a
modest number of proteins was identified from these small tissue
regions. As highly abundant proteins are identified preferentially in
mass spectrometry analysis (70), the low number of proteins
identified potentially masks differences in lower abundance
proteins. The analysis of a larger cohort, coupled with the
utilization of advanced sample preparation and mass spectrometry
techniques to improve proteome coverage, holds the potential to
build upon the data presented here and paint a clearer picture of the
molecular landscape of precancerous lesions of serous cancers of the
ovary and endometrium.

CONCLUSION

Here, we present the first proteomic investigation of precancerous
lesions of the gynecological tract in a patient without advanced
gynecological malignancy. Interpretation of the data is limited by
the single case study and the modest number of proteins identified;
however, we provide a foundation for further analysis of the
molecular links between precancerous lesions and subsequent
caner. In addition, we identified several metastasis-related
proteins in precancerous tissues. The understanding that
precancerous lesions of the female genital tract potentially
possess metastatic potential raises many questions about when,
where, and how these cancers develop. Though the early steps are
not well understood, further proteomic analyses of gynecological
precancerous lesions hold the potential to unravel the early
temporal and molecular events underlying the development of
these malignancies which, in turn, holds the potential to improve
detection and treatment.
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Supplementary Table 1: 1 

Can be found online – https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7771701/ 2 

Supplementary Table 2: 3 

 4 

Supplementary Table 2. Proteins associated with metastasis, identified exclusively in the STIC and/ or EIC 5 

Protein Detected In Biological Significance 

Adenylyl cyclase-

associated protein 1 

(CAP1) 

 

STIC and EIC 
Associated with metastasis in lung and breast 

cancers [434, 435] 

Poly r(C) binding 

protein-1 (PCBP1) 

 

STIC and EIC 
Integral to the maintenance of stem-cell-like 

prostate cancer cells [436] 

Lamina associated 

polypeptide 2 (LAP2A) 

 

STIC and EIC 

Increased in abundance in digestive tract cancers 

and has been linked to metastasis via the 

regulation of cell motility [437] 

Protein disulfide 

isomerase A (PDIA) 

 

STIC and EIC 
Linked to metastasis in hepatocellular carcinoma 

[438] 

Transketolase (TKT) STIC and EIC 

Identified as a promoter of ovarian cancer cell 

proliferation and in up-regulated in peritoneal 

metastases [439] 

Annexin A11 (ANX11) 

 
STIC and EIC 

Promotes tumourigenesis, metastasis, and 

chemosensitivity in hepatocarcinoma [440, 441] 

Cytoskeleton-associated 

protein 4 (CKAP4) 

 

STIC and EIC 
Expression associated with metastasis in 

intrahepatic cholangiocellular carcinoma [442] 

Myoferlin (MYOF) STIC and EIC 
Influences the invasive capacity of breast cancer 

cells [443] 

Glutamate 

dehydrogenase 2 (DHE3) 
STIC and EIC 

Over-expression of glutamate dehydrogenase 

promotes cell proliferation, migration and 

invasion in vivo in colorectal cancer [444] 

Transcription factor A 

(TFAM) 
STIC and EIC 

Shown potential in predicting the clinical 

outcome of metastatic colorectal cancer patients 

treated with chemotherapies [445] 

Elongation factor 1-delta 

(EF1D) 
STIC and EIC 

Increased expression correlates with lymph node 

metastasis in oesophageal cancer [446] 

Agrin (AGRIN) STIC and EIC 
Associated with cell migration and adhesion in 

oral squamous cell carcinoma [447] 

Moesin (MOES) STIC and EIC 
Involved in the metastatic spread of several 

tumours [448] 

Kinectin (KTN1) STIC and EIC 
Supports the development of focal adhesions 

[449] 
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Biliverdin reductase A 

(BIEA) 
STIC and EIC 

Biliverdin reductase shown to promote epithelial-

mesenchymal transition in breast cancer [450] 

Chloride intracellular 

channel protein 1 

(CLIC1) 

STIC and EIC 

Regulates invasion and migration in colon cancer 

[451], and is correlates with poorer prognosis in 

gliomas [452]  

Zyxin (ZYX) STIC and EIC 
Involved in the reorganisation of acting fibres to 

enhance cell motility [453]  

Claudin-3 (CLD3) STIC and EIC 
Over expression linked to enhanced cellular 

motility in  breast cancer cell lines [454] 

Mimecan (MIME) STIC and EIC 
Expression decreased metastatic capacity of 

mouse hepatocarcinoma cells [455, 456] 

Annexin A4 (ANXA4) STIC and EIC 
Associated with poor prognosis and metastasis of 

hepatocellular carcinoma [457] 

Far upstream element 

binding protein 1 

(FUBP1) 

 

STIC and EIC 
Promotes carcinoma progression and migration 

[458, 459] 

Galectin-9 (LEG9) STIC and EIC Shown to suppress tumour metastasis [460, 461] 

Rho GDP-dissociation 

inhibitor 1 (GDIR1) 

 

STIC and EIC 
Associated with metastasis in colorectal cancer 

[462] 

PDZ and LIM domain 

protein 1 (PDLI1) 

 

STIC and EIC 

Promotes migration, invasion and metastasis 

through interaction with α-actinin in breast 

cancer [463] 

ADP-ribosylation factor-

like 4C (ARF4) 
STIC and EIC 

Associated with suppression of metastasis in 

ovarian cancer [464] 

Glucose-6-phosphate 

dehydrogenase (G6PD) 

 

STIC and EIC 
Implicated in the survival, proliferation, and 

metastasis of cancer cells [465] 

Aldehyde 

dehydrogenase 

(ALDH2) 

 

STIC and EIC 
Mediator of metastasis in several solid tumours 

[466] 

Cathepsin B (CATB) 

 
STIC and EIC Shown to mediate tumour metastasis [467] 

Dimethylarginine 

dimethylaminohydrolase 

2 (DDAH2) 

STIC and EIC 
Associated with invasiveness and angiogenesis in 

lung adenocarcinoma [468] 

Ceruloplasmin (CERU) STIC and EIC 
Plasma levels elevated in metastatic breast cancer 

patients [469] 

Microtubule associated 

protein-4 (MAP4) 
STIC and EIC 

Regulator of invasion and migration in 

esophageal squamous cell carcinoma [470] 

Catenin alpha-1 

(CTNA1) 
STIC and EIC Suppressor of metastasis [471, 472] 

 STIC 
Knock down suppresses tumour proliferation 

and metastasis in lung cancer [473] [474] 



55 

 

Tubulin polymerisation 

promoting proteins 

(TPPP3) 

Membrane-associated 

progesterone receptor 

component 1 (PGRC1) 

EIC 

Promotes tumour growth by binding to and 

stabilising EGFR at the plasma membrane [475]. 

Found to promote tumor cell viability during 

chemotherapeutic stress in endometrial cancer 

[476]. 

Myristoylated alanine-

rich C-kinase substrate 

(MARCS) 

 

EIC 
Enhances the migration and metastasis of lung 

and biliary carcinoma [477-479]. 

Prolactin-inducible 

protein (PIP) 
EIC 

Suggested marker of breast and prostate cancer 

metastasis [480-482]. 

Superoxide dismutase 

[Mn] (SODM) 

 

EIC 

Involved in redox-responsive signaling events 

that drive invasion, migration, and tumor cell 

survival [483]. 

F-actin-capping protein 

subunit alpha-1 

(CAZA1) 

 

EIC 
Inhibition of CapG protein reduces breast cancer 

metastasis [484]. 

Retinal dehydrogenase 1 

(AL1A1) 

 

EIC Implicated in breast cancer metastasis [485, 486]. 

Thioredoxin domain-

containing protein 5 

(TXND5) 

EIC 
Highly expressed in metastatic gastric 

adenocarcinoma [487]. 

Suprabasin (SBSN) EIC 

Involved in salivary adenoid carcinoma 

metastasis [488] and in oesophageal squamous 

cell carcinoma proliferation and tumourigenesis 

[489]. 

Carnitine 

palmitoyltransferase 1A 

(CPT1A) 

 

EIC 
Promotes cell motility in alveolar 

rhabdomyosarcoma cells [490]. 

Tenascin (TENA) EIC 
Reported to play an important role in the 

metastasis of several cancers [491]. 

Palladin (PALLD) EIC 

Regulates actin cytoskeleton organisation and cell 

adhesion [492], promotes pancreatic and breast 

cancer invasion [493, 494].  

Tight junction protein 

ZO-1 (ZO1) 
EIC 

Differential expression in metastatic pancreatic 

and liver cancer [495, 496].  

 1 
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4.1. Summary  1 

In addition to being detected at a late stage, HGSOC is characterised by initial response to 2 

platinum and taxane based chemotherapy followed by relapse and chemoresistance in most 3 

cases. It is this relapse which is the major cause of death in HGSOC patients. Despite numerous 4 

modern and targeted drugs being developed over the last 30 years, this platinum and taxane 5 

based treatment regime remains the first line approach. The slow progress in drug development 6 

is reflected in the modest improvement in survival rates for HGSOC patients over the last 30 7 

years. This highlights chemoresistance to platinum and taxane chemotherapy as the single largest 8 

barrier to improved patient outcome and makes the understanding of the molecular 9 

underpinnings of this chemoresistance of great clinical importance.  10 

Chemoresistance to platinum-based chemotherapy agents (such as cisplatin and CBP) is 11 

predicted to arise through a range of molecular processes including drug efflux, drug 12 

detoxification, DNA repair and impaired apoptosis signalling. Despite several of these 13 

mechanisms being well described, there remains a gap in the ability to predict chemoresistance 14 

in patients before the application of chemotherapy. We approached this publication in the search 15 

for a molecular pattern which described chemoresistance in this context.  16 

To achieve this, we applied global proteomic and metabolomic MS analyses to two ovarian 17 

cancer cell lines and their platinum resistant pairs. The platinum resistant pairs were generated 18 

through prolonged exposure to CBP, and we observed increased migratory ability in one of the 19 

resistant lines compared to its parent. Through global metabolomic and proteomic analyses, 20 

coupled with principal component analysis (PCA) and hierarchical clustering analysis, we were 21 

also able to separate sensitive from resistant cell lines based on both their metabolome and 22 

proteome. However, our conclusions were limited by the observation that the parental cell lines, 23 

despite both being HGSOC derived, had significantly different proteomes and metabolomes and 24 

that there were few identifiable common changes upon acquisition of CBP resistance.  25 

Despite this, we identified several enriched metabolomic and proteomic pathways in the CBP 26 

cell lines which are of interest and warrant further investigation. Finally, we applied the 27 

proteomic analysis to primary cells derived from one patient with chemo resistant disease and 28 

one with chemo sensitive disease. As expected, these cells showed vastly different proteomic 29 

profiles but, when compared to the cell line analysis, we were unable to identify a proteomic 30 

pattern indicative of CBP resistance. Together this highlights the challenges in characterising, or 31 

predicting, the molecular pattern related to CBP resistance due to the heterogeneity between 32 

different cell line models, between in vitro and in vivo based studies and between patients. 33 

Despite this, we provide deep metabolomic and proteomic characterisation of these cell lines and 34 

their CBP resistant pairs providing the foundation for further molecular investigation of 35 

chemoresistant ovarian cancer. 36 

 37 

 38 

 39 
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Migratory, Amino Acid Metabolism, Protein Catabolism and
IFN1 Signalling Perturbations
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Simple Summary: While chemoresistance remains a major barrier to improving the outcomes for
patients with ovarian cancer, the molecular features, and associated biological functions, which
underpin chemoresistance in ovarian cancer remain poorly understood. In this study we aimed to
provide insight into the proteins and metabolites, and their associated biological pathways, which
play a role in conferring chemoresistance to ovarian cancer. Through mass spectrometry analysis
comparing the proteome and metabolome of chemosensitive vs chemoresistant ovarian cancer cell
lines we revealed numerous perturbations in signalling and metabolic pathways in chemoresistant
cells. Further comparison to primary cells taken from patients with chemoresistant or chemosensitive
disease identified a shared dysregulation in cytokine and type 1 interferon signalling. Our research
sets the foundation for a deeper understanding of the proteomic and metabolomic features of
chemoresistance and identifies type 1 interferon signalling as a common feature of chemoresistance.

Abstract: Chemoresistance remains the major barrier to effective ovarian cancer treatment. The
molecular features and associated biological functions of this phenotype remain poorly understood.
We developed carboplatin-resistant cell line models using OVCAR5 and CaOV3 cell lines with the
aim of identifying chemoresistance-specific molecular features. Chemotaxis and CAM invasion
assays revealed enhanced migratory and invasive potential in OVCAR5-resistant, compared to
parental cell lines. Mass spectrometry analysis was used to analyse the metabolome and proteome
of these cell lines, and was able to separate these populations based on their molecular features. It
revealed signalling and metabolic perturbations in the chemoresistant cell lines. A comparison with
the proteome of patient-derived primary ovarian cancer cells grown in culture showed a shared
dysregulation of cytokine and type 1 interferon signalling, potentially revealing a common molecular
feature of chemoresistance. A comprehensive analysis of a larger patient cohort, including advanced
in vitro and in vivo models, promises to assist with better understanding the molecular mechanisms
of chemoresistance and the associated enhancement of migration and invasion.

Keywords: ovarian cancer; chemoresistance; cancer cell lines; proteomics; metabolomics
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1. Introduction

Ovarian cancer (OC) is the deadliest gynaecological malignancy, with survival rates of
below 30% when detected at a late stage [1]. Owing to its often asymptomatic progression,
70% of ovarian cancers are diagnosed at a late stage [2]. The 5-year survival rate for a
patient diagnosed with advanced ovarian cancer is approximately 35% [1], and this has not
increased substantially over the last 30 years [3].

The typical treatment regime for ovarian cancer consists of debulking surgery, fol-
lowed by platinum-based chemotherapy with carboplatin (CBP) [4]. It is estimated that 20%
of patients do not respond to chemotherapy due to the innate chemoresistance of their OC,
while 70% of patients experience acquired chemoresistance [5]. High-grade serous ovarian
carcinoma (HGSOC) represents the majority of advanced OC, and is characterized by an
initial response to treatment, followed by recurrence and the development of chemoresis-
tance [6,7], and is responsible for the majority of ovarian cancer-associated fatalities [8].
This highlights chemoresistance as being the main barrier to improving survival rates for
this deadly cancer.

Despite the development of numerous novel anti-cancer agents against OC [9], platinum-
based chemotherapy drugs remain the first-line treatment of choice [4]. They are the
National Comprehensive Cancer Network-recommended treatment following surgery for
all Stage II, III, and IV ovarian cancers [10]. These drugs act primarily through the formation
of intra- and inter-strand DNA cross-links, which induce cell cycle arrest, typically at the
G2/M checkpoint [11].

In addition, platinum-based chemotherapeutics also contribute to increased oxidative
stress within the cell, through the production of reactive oxygen species (ROS) [12]. In
cancer cells, where greater oxidative stress is exhibited in comparison with normal cells,
carboplatin-induced oxidative stress can result in apoptosis [13].

The DNA damage and oxidative stress induced by platinum chemotherapy triggers
a complex web of signalling, which both promotes and inhibits cell death. This includes
signalling through MAPK, PI3K, JNK and other pathways (reviewed in [12]). In addition,
platinum chemotherapies have broader impacts on protein folding [14] and calcium home-
ostasis [14], and they inhibit the function of certain proteins, influencing transcription [15]
and microtubule formation [16].

Cisplatin has historically been the most commonly used platinum-based chemother-
apy, and it has been employed extensively to treat a range of cancers since its approval in
1978 [17]. However, cisplatin has significant side effects that limit the concentration that can
be used for treatment [18]. The chemical analogue, carboplatin, has significantly less side
effects and a similar efficacy when combined with paclitaxel, and it is now the preferred
first-line treatment of ovarian cancer [19].

There are several mechanisms through which resistance to platinum-based chemother-
apy can occur, including the impaired influx of the compound, increased drug efflux,
cytoplasmic detoxification, increased DNA repair and alterations in apoptosis signalling
pathways [20]. The DNA crosslinks formed by carboplatin give rise to incomplete DNA re-
pair, resulting in single- and double-stranded breaks giving rise to apoptotic signalling [21].
DNA repair mechanisms and apoptosis signalling pathways are of great importance in the
resistance to platinum-based chemotherapy.

There has been significant research into the genetic and molecular underpinnings of
HGSOC, which has provided a deeper understanding of this cancer and its progression.
Though these efforts have revealed the deep complexity and heterogeneity of HGSOC, they
have failed to translate into improved clinical outcomes. It has been long understood that
altered metabolism is a key feature of cancer cells that is best characterised by the Warburg
effect, where cancer cells favour glycolysis over oxidative phosphorylation [22]. Metabolism
contributes to a vast array of cancer biological features, including oncogenic transformation,
growth, stress response and the detoxification of damaging chemical agents [23]. It has
been demonstrated that the downregulation of glycolytic enzymes has the potential to
overcome chemoresistance [24,25]; however, the mechanisms are not well understood.
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One way to investigate the molecules that underpin chemoresistance is through the
application of mass spectrometry (MS) coupled with high-performance chromatography
techniques. This approach can be applied to identify a range of molecules including metabo-
lites and proteins. Through the application of this technique, hundreds of metabolites and
thousands of proteins can be routinely identified and relatively quantified from very small
amounts of material.

To provide a comprehensive molecular characterisation of chemoresistant HGSOC,
we combined MS-based metabolomic and proteomic analyses of these cell lines. Together,
this holds the potential to provide a deep characterisation of these cell lines, and to reveal
alterations in proteomic and metabolomic pathways that underpin chemoresistance in
this model.

2. Materials and Methods
2.1. Cell Culture

The human OC cell line CaOV3 was purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA), and the OVCAR-5 cell line was obtained from Dr.
Thomas Hamilton (Fox Chase Cancer Centre, Philadelphia, PA, USA). Both cell lines were
authenticated via a short tandem repeat (STR) DNA profile in 2020. The OVCAR-5 cells
were grown in RPMI 1640 media (Sigma Aldrich, St. Louis, MO, USA). Recent reports have
indicated that OVAR-5 might originate from metastatic gastrointestinal cancer, and were
potentially wrongfully labelled as being ovarian cancer [26]. CaOV3 cells were grown in
DMEM media (Sigma Aldrich, St. Louis, MO, USA). Both cell lines were cultured with
the addition of 10% foetal bovine serum (Bovogen Biologicals, East Keilor, VIC, Australia)
supplemented with 1% penicillin/streptomycin (Sigma Aldrich, St. Louis, MO, USA) and
1% L-glutamine (Sigma Aldrich, St. Louis, MO, USA). OVCAR-5 and CaOV3 cells were
made resistant to CBP after treatment with 6–8 cycles of CBP (50 µM, Hospira Australia,
Pty Ltd., Mulgrave, VIC, Australia) [27,28]. Resistance to CBP was measured regularly, and
CBPR cell lines were seen to be at least two-fold more resistant to CBP than their parental
partners through the following experiments.

2.2. Primary HGSOC Culture

Primary cells were isolated from the ascites of advanced stage HGSOC patients (n = 2),
with patient consent and approval, by the Royal Adelaide Hospital RAH and Central
Adelaide Local Health Network Human Ethics Committees (RAH # 140201) (CALHN #
R20181215). All primary cells were grown in Advanced RPMI 1640 medium (Life Technolo-
gies, Mulgrave, VIC, Australia) supplemented with 4 mM L-glutamine, 10% FBS (Sigma
Aldrich, St. Louis, MO, USA), and antibiotics (100 U penicillin G, 100 µg/mL streptomycin
sulphate, and 100 µg/mL amphotericin B, Sigma Aldrich). Patients that experienced a
recurrence within six months after finishing first-line CBP+paclitaxel chemotherapy were
classified as being chemoresistant. Patients that remained in full remission for longer than
6 months were classified as being chemosensitive. Here, we investigated the proteome
of cells derived from one patient who was deemed chemoresistant and one who was
deemed chemosensitive using the above-mentioned classifications. Patient diagnoses and
chemotherapy responses are outlined in Supplementary Figure S1.

2.3. In Vitro Motility Assay

OVCAR-5 cell motility was assessed using a ChemoTx® 96-well plate (Neuroprobe,
Gaithersburg, MD, USA), as previously described [29]. Briefly, cells were labelled with
calcein AM (1 µg/mL, Life Technologies, Mulgrave, VIC, Australia) for 30 min in the dark
on a nutator. Excess calcein AM was removed by washing with media (RPMI1640 + 0.1%
BSA). A concentration of 40,000 cells/50 µL were loaded onto uncoated 12 µm filter inserts.
The cells were allowed to migrate for 6 h to the bottom well with chemoattractant (10% FBS)
and media (RPMI 1640 + 0.1% BSA). Migrated cells were measured using the Triad series
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multimode detector (Dynex Technologies, Chantilly, VA, USA) at 485–520 nm. Assays were
carried out in biological quadruplicate in 2–3 independent experiments.

2.4. Chick Chorioallantoic Membrane (CAM) Assay

The CAM assay was performed as previously described [30]. In brief, 90,000 OVCAR-5
cells were mixed with Matrigel (8.9 mg/mL, BD Biosciences, Melbourne, VIC, Australia)
and placed on top of the CAM of Day 11 chick embryos. Matrigel grafts with adjacent
CAM were harvested from each embryo (n = 6–9/treatment group) after 3 days (day 14),
fixed with 10% formalin for 24 h, processed, and embedded in paraffin. Serial sections
(6 µm) were stained with haematoxylin and eosin, or immunostained with the monoclonal
mouse anti-human cytokeratin clone AE1/AE3 (1:50 Dako-Agilent Santa Clara, CA, USA).
Immunohistochemistry was performed as described previously, using citrate buffer antigen
retrieval [29]. Slides were digitally scanned using the NanoZoomer (Hamamatsu Photonics).
A quantitative analysis for assessing OVCAR-5 cancer cell invasion was performed on 8 to
12 CAM images for each embryo, as previously described [30].

2.5. Cell Survival Assay

Ovarian cancer cells were plated at 5000 cells/well in 96-well plates in the respective
growth media. After 24 h, cells were treated with varying concentrations of CBP (0–200 µM)
for 72 h. Then, the conditioned media was removed and thiazolyl blue tetrazolium bro-
mide (MTT) (0.5 mg/mL, Sigma Aldrich) was added for 4.5 h, followed by MTT solvent
(0.1 N HCl in isopropanol) for 10 min, before absorbance readings were measured at 595 nm
using a Triad series multimode detector plate reader (Dynex technologies, Chantilly, VA,
USA). The CBP IC50 values were calculated using a non-linear fit from the variable slope
of log (inhibitor), using GraphPad Prism.

2.6. Metabolomics Sample Preparation

Cells were maintained at 60–80% confluence for 3 passages before being plated in
10 cm dishes. Cell numbers were estimated from an additional dish with the same number
of cells at seeding. The media was aspirated and the cells were washed 3 times with 3 mL
warmed PBS. Metabolic arrest was achieved through the addition of approximately 2 mL
of liquid nitrogen directly to cells ensuring that the surface of the plate was covered before
plates were placed onto dry ice. Metabolite extraction was achieved through the addition
of 1 mL 100% ice-cold methanol. Cells were lifted off the plate using an ice-cold cell scraper
and transferred to a 2 mL Eppendorf. An additional 1 mL of 100% ice-cold methanol was
added before snap freezing via immersion in liquid nitrogen for 3 min. This was followed
by thawing on dry ice and vortexing to resuspend the contents. The freeze/thaw process
was repeated 5 times to ensure the full extraction of the metabolites. The samples were
centrifuged at 16,000× g at −9 ◦C for 5 min, and the supernatant was retained. The pellet
was resuspended in 500 uL of 100% ice-cold methanol and freeze/thawed 5 times in liquid
nitrogen. This sample was centrifuged at 16,000× g at −9 ◦C for 5 min, and the supernatant
was retained and combined with the previously retained supernatant. The samples were
then dried in a SpeedVac Vacuum Concentrator (John Morris Scientific, RVC 2-18) at room
temperature, with a vacuum of 40 mbar and a rotor speed of 1000 min−1. Before data
acquisition, the samples were resuspended in volumes of 20 mM ammonium carbonate
and acetonitrile to achieve an identical concentration of biological material based on the
cell number estimate.

2.7. Metabolomics Data Acquisition

LCMS data was acquired on a Q-Exactive Orbitrap mass spectrometer (Thermo
Fisher) coupled with a Dionex Ultimate® 3000 RS high-performance liquid chromatography
(HPLC) system (Thermo Fisher). Chromatographic separation was performed on a ZIC-
pHILIC column (5 µm, polymeric, 150 × 4.6 mm, SeQuant®, Merck, Darmstadt, Germany).
The mobile phase was (A) 20 mM ammonium carbonate and (B) acetonitrile. The gradient
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program started at 80% B and was reduced to 50% B over 15 min, then this reduced from
50% B to 5% B over 3 min, followed by a wash with 5% B for another 3 min, and finally
an 8 min re-equilibration with 80% B. The flow rate was 0.3 mL/min and the column
compartment temperature was 25 ◦C. The total run time was 32 min with an injection
sample volume of 10 µL. The mass spectrometer operated in full scan mode with positive
and negative polarity switching at 35,000 resolution and 200 m/z, with detection range of
85 to 1, 275 m/z in full scan mode. The electro-spray ionisation source (HESI) was set to
3.5 kV for the positive mode and 4.0 kV for the negative mode, the sheath gas was set to 50
and the aux gas to 20 arbitrary units, the capillary temperature was 300 ◦C and the probe
heater temperature was 120 ◦C.

Mixtures of pure authentic standards containing over 320 metabolites were acquired
as separate injections and used to confirm the retention times. The metabolites confirmed
with the authentic standards were given the highest confidence MSI level 1.

The metabolomics data were deposited in the data repository Metabolomics Work-
bench [31] under the study ID ST002010 (DOI: http://dx.doi.org/10.21228/M81Q4Z, ac-
cessed on 21 April 2022).

2.8. Metabolomics Data Analysis

The acquired LCMS data was processed in an untargeted fashion using the open-source
software IDEOM [32,33]. Default IDEOM parameters were used to eliminate unwanted
noise and artefact peaks. The putative identification of metabolites was achieved using
accurate mass (within 3 ppm mass error) searching against the Kyoto Encyclopedia of
Genes and Genomes (KEGG), MetaCyc, and LIPIDMAPS databases and others.

Despite the washing steps performed in sample preparation, it is expected that some
metabolites that were present in the cell culture media may influence the metabolite
abundances observed in our cell samples. To avoid their influence on our results, we
utilized a media-only blank performing the same sample preparation steps on a plate with
no cells and only 10 mL of cell culture media. To exclude the media components from our
analysis, we excluded all metabolites where the media blank/control ratio was greater than
0.5, for the downstream analysis.

2.9. Metabolomic Functional Pathway Analysis

To understand the functional pathways associated with dysregulated metabolites, we
utilized the Enrichment Analysis function on the Metaboanalyst platform [34,35] using the
default settings, and comparing them to the SMPDB metabolomics database.

2.10. Cell Lysis and Acetone Precipitation

Cells pellets containing up to 1 × 107 cells were collected and washed three times with
PBS before being stored at −80 ◦C for lysis. Pellets were lysed on ice via resuspension in
200 uL RIPA buffer (Reference Number: 20–188, Millipore) supplemented with 1% (v/v)
protease inhibitor cocktail (Reference Number: P8340, Sigma Aldrich, St. Louis, MO, USA).
The solution was then passed through a 26.5 G needle (reference number: NN+2613R,
Terumo) 5 times before being spun at 20,000 G for 30 min in a centrifuge pre-cooled
to 4 ◦C. The supernatant was transferred to a second tube and 4 volumes of ice-cold
acetone were added. The tube was then gently mixed and incubated overnight at −20 ◦C.
Using a centrifuge precooled to −9 ◦C, samples were spun at 20,000 G for 10 min and the
supernatant was carefully removed. The pellet was then washed twice with 200 uL of
ice-cold acetone to ensure the removal of any remaining contaminants. Finally, the pellet
was air dried on ice for 20 min or until all liquid had evaporated. The pellet was then
dissolved in 8 M urea with 50 mM ammonium bicarbonate before the protein content was
estimated using a tryptophan fluorescence assay.

http://dx.doi.org/10.21228/M81Q4Z
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2.11. Tryptophan Fluorescence Assay for Protein Estimation

Protein quantification was performed using tryptophan fluorescence [36]. Briefly,
10 µL of sample was diluted in 90 µL of 8 M urea (1:10) before 50 µL was added to a
40 µL fluorescence cell (Agilent Technologies, P.N. 6610021600). The fluorescence was
read using an Agilent Carry Eclipse Fluorescence Spectrophotometer G9800A (Agilent
Technologies, S.N. MY13260001) with software version 1.2 (146), applying the following
settings: excitation = 295 nm (bandwidth = 5 nm), emission = 350 nm (bandwidth = 20 nm),
average time = 0.1 s and PMT starting voltage = 560 V. The cell was washed with water and
8 M urea before measuring the next sample. Fluorescence readings were compared to a
9-point L-tryptophan (Sigma-Aldrich, ≥98%, P.N. T0254) standard curve (9.15 × 10−5 to
0.0117 mg/mL) and multiplied by a conversion factor (85.47) determined for the average
number of tryptophan residues in mammalian proteins.

2.12. Protein Digestion and Clean Up

A total of 100 µg of purified protein in 100 µL of 8 M urea (Merck, Kenilworth, NJ, USA)
with 50 mM ammonium bicarbonate (pH 8.0) (Fluka Analytical, P.N. 09830) was reduced
via the addition of 10 mM DTT (Sigma-Aldrich) and incubated at room temperature for 1 h.
Samples were then reduced via the addition of 15 mM chloroacetamide (CA) and incubated
in the dark at room temperature for 30 min. Samples were diluted with 900 uL of 50 mM
(pH 8.0) before the addition of 2 µg of trypsin/Lys-C (Promega) (1:50 trypsin: protein) and
incubation for 8 h at 37 ◦C.

Samples were then cleaned up using a C18 Sep-Pak (Waters) equipped to a vacuum
manifold. The Sep-Pack was washed with 1 mL methanol before being equilibrated via
the addition of 1 mL 80% acetonitrile with 0.1% formic acid (FA) 3 times, followed by the
addition of 1 mL of 0.1% FA, 4 times. The collection tube was replaced, and the sample
was run through the Sep-Pack twice. The Sep-Pack was then washed 3 times with 1 mL
of 0.1% FA before the peptides were eluted into a new collection tube via the addition of
500 µL 50% acetonitrile with 0.1% FA. This step was repeated to ensure that all peptides
were eluted. The samples were then dried in a SpeedVac vacuum concentrator (John Morris
Scientific, RVC 2-18) at 40 ◦C, with a vacuum of 40 mbar and a rotor speed of 1000 min−1.
Finally, the samples were resuspended in 5 µL of 0.1% FA and used for subsequent MS
data acquisition.

2.13. Proteomics Data Acquisition

LC-MS analysis was performed using an Ultimate 3000 RSLC nanosystem connected to
an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific, Bremen, Germeny).
Peptides (1 µg) were resuspended in 0.1% formic acid and loaded onto a 25 cm fused silica
column heated to 50 ◦C. The internal diameter (75 µm) of the column was packed with
1.9 um C18 particles. Peptide separation occurred over a 70 min linear gradient (3 to 20%
acetonitrile in 0.1% formic acid) at a flow rate of 300 nL/min. The compensation voltages
(−50 and −70 V) were applied from a FAIMS Pro interface (Thermo Fisher Scientific) to
regulate the entry of ionised peptides into the mass spectrometer. The MS scans (m/z
300 to 1500) were acquired at a resolution of 60,000 (m/z 200) in positive ion mode. The
MS/MS scans of fragment ions were measured at 15,000 resolution after the application of
27.5% HCD collision energy. A dynamic exclusion period of 40 s was specified. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE [37] partner repository with the dataset identifier PXD034246.

2.14. Proteomics Data Analysis

The raw data was processed using the proteome discoverer platform (v2.4). The
fragmentation Spectra were searched against the FASTA human database using the Se-
quest search engine with the precursor and fragment mass tolerance set to 10 ppm and
0.02 Da. Two missed cleavage sites were allowed, and the minimum peptide length was
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6 amino acids. Oxidation and acetylation were included as variable modifications and
carbamidomethylationwas included as a fixed modification.

Principle component analysis (PCA) was performed through the proteome discoverer
platform using unscaled protein abundances. Hierarchical clustering was performed
through the Proteome Discoverer platform using Euclidian distance function, and scaled
before clustering.

2.15. Functional Annotation of Biological Process

Biological Process analysis was performed using the DAVID database [38]. The list
of differentially abundant proteins was compared against the Gene Ontology-Biological
Process (GO-BP) database, with a count threshold of 2 and EASE threshold of 0.1.

2.16. KEGG Global Metabolomic Network Analysis of Metabolites and Proteins of Interest

Network analysis was performed using the Metaboanalyst platform [34,35]. Proteins
and metabolites with a differential abundant of at least 1.5-fold in CBPR vs. parental cell
lines were investigated for related metabolomic networks in the KEGG Global Metabolomic
Network, using the default settings.

2.17. Kaplan Meier Analysis

Proteins with a differential abundance of at least 1.5-fold in CBPR vs. parental cells in
both OVCAR-5 and CaOV3 were selected for further investigation. The progression-free
survival related to the selected genes was investigated in serous ovarian cancer, using the
online Kaplan Meier (KM) plotter for the gene chip data of ovarian cancer [39,40]. The
default settings were used, except for a restriction of analysis to patients with high-grade
(grades 2 and 3) serous ovarian cancer who had received platinum-based chemotherapy,
and the significance was deemed to be a p-value of less than 0.05.

3. Results
3.1. Generation and Growth Rate of CBPR Cells

Through the exposure of OVCAR-5 and CaOV3 cell lines to 6–8 cycles of CBP, we
successfully generated two CBPR cell lines. The MTT viability assay was used to mea-
sure the growth rates of the cell lines over 72 h, and it showed no significant difference
in growth rates between the parental and CBPR cell lines (Unpaired t-test, OVCAR-5:
p = 0.331 and CaOV3: p = 0.818) (Figure 1A,B). MTT viability assays showed that the
CBPR cells were significantly more resistant to CBP than the parental cell lines (OVCAR-5
parental IC50 = 88.6 µM, OVCAR-5 CBPR IC50 = 197.0 µM, p = 0.001; CaOV3 parental
IC50 = 41.9 µM, CaOV3 CBPR IC50 = 124.0 µM, p = 0.02) (Figure 1C).
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Figure 1. Biological data for carboplatin-resistant cancer cell lines. Growth rates determined using an
MTT assay of (A) OVCAR-5 parental vs. CBPR and (B) CaOV3 parental vs. CBPR show no significant
difference (unpaired t-test, OVCAR-5: p = 0.331 and CaOV3: p = 0.818). (C) Dose response of OVCAR-
5 and CaOV3 resistant and parental pairs to carboplatin. OVCAR-5 parental IC50 = 83.6 (n = 8),
OVCAR-5 CBPR IC50 = 1967.0 (n = 8); CaOV3 parental IC50 = 41.9 (n = 7), CaOV3 CBPR IC50 = 124.0
(n = 7). Unpaired T test showed IC50 to be significantly higher in CBPR cell lines compared to
their parental cells (OVCAR-5 p = 0.001, CaOV3 p = 0.02). (D) In vitro motility assay of OVCAR-5
parental compared to OVCAR-5 CBPR cell lines showed that OVCAR-5 CBPR is significantly more
motile than its parental pair (unpaired t-test, p = 0.037). In vivo CAM invasion assay with OVCAR-5
parental (E) and OVCAR-5 CBPR (F). OVCAR-5 cell Matrigel grafts (CM) were placed in the top
of the ectoderm (ECT) layer and cancer cell invasion into the CAM mesoderm (MES) layers was
assessed on Day 14 of chick embryo development. END = endoderm CAM paraffin sections (6 µm)
were immunostained with pan-cytokeratin antibody. Scale bar = 250 µm. (G) Quantification of
OVCAR-5 parental (n = 3) and OVCAR-5 CBPR (n = 4) invasion into the CAM mesoderm. Data
represents the total pan-cytokeratin positive area (µm2) in the mesoderm area from 5 to 6 images per
embryo. Mann–Whitney U test showed greater invasion in OVCAR-5 CBPR compared to parental
cells (p = 0.0571) (* = statistical significance, p < 0.05).
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3.2. OVCAR-5 CBPR Cells Are More Motile than OVCAR-5 Parental In Vitro

An in vitro motility assay investigating the rate at which OVCAR-5 parental and CBPR
cells move towards a chemoattractant (10% FBS) showed that the OVCAR-5 CBPR cells
migrated at a significantly higher rate than the parental cell line (p = 0.037) (Figure 1D).

3.3. OVCAR-5 Cells Are More Invasive in the In Vivo CAM Assay

The CAM assay was performed with OVCAR-5 parental and OVCAR-5 CBPR cell lines
to investigate their ability to invade the mesothelial layer in chicken embryos (Figure 1E,F).
This model of cancer invasion replicates numerous aspects of the in vivo barriers to cancer
cell metastasis, specifically the extracellular matrix (ECM). The CAM onplants were sec-
tioned and stained to visualize OVCAR-5 cancer cell invasion, and the degree of invasion
was measured as the total area of cancer cells (µm2) within the mesoderm of the CAM layer,
using pan-cytokeratin immunohistochemistry. We observed that the OVCAR-5 CBPR cells
were more invasive in vivo than the OVCAR-5 parental cells (Figure 1G, p = 0.0571).

3.4. LC-MSMS Analysis of Metabolites in Resistant vs. Parental Ovarian Cancer Cell Lines

The metabolomic profiles of the parental and CBPR pairs for both the OVCAR-5
and CaOV3 cell lines were analysed via LC-MS using a Thermo Scientific QExactive in
biological triplicate. Analysis through the Metaboanalyst platform [34] putatively identified
380 metabolites in the OVCAR-5 samples (66 confirmed with reference standards) and
436 metabolites in the CaOV3 cell line samples (65 confirmed with reference standards)
(OVCAR-5 parental: 369, OVCAR-5 CBPR: 370; CaOV3 parental: 436, CaOV3 CBPR: 428).
The Venn diagrams show an almost complete overlap in the metabolites identified between
the parental cell lines and their chemoresistant equivalents (Figure 2A,C). Volcano plots,
calculated after filtering to remove cell culture media-related metabolites, show numerous
metabolites that were differentially abundant between the parental and CBPR cells (1.5-fold,
p < 0.05; more abundant in the OVCAR-5 parental: n = 29, less abundant in the OVCAR-
5 parental: n = 7, more abundant in the CaOV3 parental: n = 29, less abundant in the
CaOV3 parental: n = 11) (Figure 2B,D) (full details in Supplementary Tables S1 and S3).
Furthermore, the metabolic classes identified in these analyses favoured those that are
related to amino acid metabolism and lipid metabolism (Figure 2E,F).
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tively identified in OVCAR-5 cell line pair. OVCAR-5 parental total= 369, OVCAR-5 CBPR total= 370,
unique to OVCAR-5 parental= 10, unique to OVCAR-5 CBPR= 1, in both OVCAR-5 parental and
CBPR= 359. (B) Volcano plot showing metabolites with 1.5-fold (=0.58 log2) differential abundance in
OVCAR-5 parental compared to CBPR. Twenty-nine metabolites (5 identified with reference stan-
dards indicated by bold outline) were upregulated, and 7 metabolites (6 identified with reference
standards indicated by bold outline) were downregulated in parental OVCAR-5 cells. (C) Metabolites
identified in CaOV3 cell line pair before filtering: CaOV3 parental total= 435, CaOV3 CBPR total= 428,
unique to CaOV3 parental = 8, unique to CaOV3 CBPR= 1, in both CaOV3 parental and CBPR= 436.
(D) Volcano plot showing metabolites with 1.5-fold (=0.58 log2) differential abundance in CaOV3
parental compared to CBPR. Twenty-nine metabolites were seen to be upregulated (4 identified
with reference standards indicated by bold outline) and 11 metabolites (2 identified with reference
standards indicated by bold outline) were downregulated in parental CaOV3 cells. (E) Pie chart of
metabolite classes identified in OVCAR-5 parental and CBPR cell lines. (F) Pie chart of metabolite
classes identified in CaOV3 parental and CBPR cell lines.

3.5. Classification of Ovarian Cancer Cell Lines Based on Metabolomic Profiles

The online platform, Metaboanalyst [34], was used to generate PCA plots and heat
maps to investigate the separation of the parental and CBPR cell lines based on their
molecular features. The PCA plots demonstrated a robust separation between the parental
and CBPR cell lines based on their metabolomic profile (Figure 3A,C). This was further
supported by hierarchical clustering and visualised in the heat maps (Figure 3B,D).
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Figure 3. Principle component analysis (PCA) and hierarchical clustering of top 50 differentially
abundant metabolites (identified through t-test) between parental (green) and the CBPR (red) cancer
cell lines (A,B) OVCAR-5 and (C,D) CaOV3. Analysis was performed with Metaboanalyst.

3.6. LC-MSMS Analysis of Proteins in Resistant vs. Parental Ovarian Cancer Cell Lines

The proteomic profiles of parental and CBPR pairs for both OVCAR-5 and CaOV3
cell lines were generated and analysed via LC-MSMS using the Exploris480 in biological
triplicate, each of which was run as technical triplicates. An analysis with Proteome Discov-
erer resulted in over 5000 proteins being identified in each group (OVCAR-5 parental: 6423,
OVCAR-5 CBPR: 6439; CaOV3 parental: 5395, CaOV3 CBPR: 5380). The Venn diagrams
showed significant overlap in the proteins identified between both the parental cell lines
and their chemoresistant equivalents (Figure 4A,C), while the volcano plots showed nu-
merous proteins that were differentially abundant between the parental and CBPR cells
(1.5-fold, p < 0.05; more abundant in OVCAR-5 parental: n = 154, more abundant in
OVCAR-5 CBPR: n = 125, more abundant in CaOV3 parental: n = 124, more abundant in
CaOV3 CBPR: n = 63) (Figure 4B,D). The full details of the proteomics results can be found
in Supplementary Table S3.
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in OVCAR-5 cell line pair: OVCAR-5 parental total = 6374, OVCAR-5 CBPR total = 6382, OVCAR-5
parental exclusive = 49, OVCAR-5 CBPR exclusive = 57, in both OVCAR-5 parental and CBPR = 6325.
(B) Volcano plot showing proteins with 1.5-fold (=0.58 log2) differential abundance in OVCAR-
5 parental compared to CBPR. A total of 154 proteins were upregulated and 125 proteins were
downregulated in parental OVCAR-5 cells. (C) Proteins identified in CaOV3 cell line pair: CaOV3
parental total = 5395, CaOV3 CBPR total = 5380, CaOV3 parental exclusive = 19, CaOV3 CBPR
exclusive = 4, in both CaOV3 parental and CBPR: 5399. (D) Volcano plot showing proteins 1.5-fold
(=0.58 log2) differentially abundant in CaOV3 parental compared to CBPR. A total of 124 proteins
were seen to be upregulated and 63 proteins were downregulated in parental CaOV3 cells.

3.7. Separation of Ovarian Cancer Cell Lines Based on Proteomic Profiles

The Proteome discoverer software was used to generate PCA plots and heat maps to
investigate the separation of parental and CBPR cell lines based on their molecular features.
The PCA plots demonstrated a robust separation between the parental and CBPR cell lines
based on their proteomic profiles (Figure 5A,C). This was further supported by hierarchical
clustering and was visualised in the heat maps (Figure 5B,D).
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Figure 5. Principle component analysis (PCA) and hierarchical clustering of proteomic features of
parental (orange) and the CBPR (blue) cancer cell lines (A,B) OVCAR-5, (C,D) CaOV3. Analysis was
performed with Proteome Discoverer (Thermo) inbuilt data visualisation tools.

3.8. Functional Analysis of Differentially Abundant Proteins between Parental and CBPR Cancer
Cell Lines

To assess the altered pathways observed between the parental and CBPR cell lines, we
performed functional analysis on differentially abundant proteins using the Gene Ontology
Biological Process database through DAVID. In the OVCAR-5 cells, there was a significant
enrichment of structural biological processes (Table 1). In the CaOV3 cells, there was an
enrichment of catabolic, survival and cell structure biological processes (Table 2).
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Table 1. Top 10 gene ontology biological functions for proteins with decreased or increased abundance
in OVCAR-5 cells. Terms in bold represent those which are represented in both OVCAR-5 and
CaOV3 cells.

Rank Term Count Involved Genes/Total
Genes (%) p-Value

1 cytoskeleton organisation 29 13.1 3.2 × 10−0.4

2 antigen processing and presentation of peptide antigen 10 4.5 3.5 × 10−0.4

3 cellular component assembly 51 23 6.3 × 10−0.4

4 response to cytokine 22 9.9 8.1 × 10−0.4

5 cell junction organisation 11 5 9.8 × 10−0.4

6 cytokine-mediated signalling pathway 17 7.7 1.3 × 10−0.3

7 intermediate filament cytoskeleton organisation 5 2.3 1.7 × 10−0.3

8 regulation of cellular component organisation 45 20.3 1.7 × 10−0.3

9 type I interferon signalling pathway 6 2.7 2.1 × 10−0.3

10 cell junction assembly 9 4.1 2.5 × 10−0.3

Table 2. Top 10 gene ontology biological functions for proteins with decreased or increased abun-
dances in CaOV3 cells. Terms in bold represent those which are represented in both OVCAR-5 and
CaOV3 cells.

Rank Term Count Involved Genes/Total
Genes (%) p-Value

1 negative regulation of necroptotic process 3 2.2 1.8 × 10−0.3

2 response to type I interferon 5 3.7 2.5 × 10−0.3

3 cellular macromolecule catabolic process 16 11.9 4.8 × 10−0.3

4 negative regulation of cellular protein metabolic process 16 11.9 5.5 × 10−0.3

5 protein catabolic process 14 10.4 6.1 × 10−0.3

6 positive regulation of extrinsic apoptotic signalling pathway 4 3 7.1 × 10−0.3

7 intermediate filament organisation 3 2.2 1.0 × 10−0.2

8 response to cytokine 13 9.7 1.4 × 10−0.2

9 regulation of protein ubiquitination 7 5.2 1.0 × 10−0.2

10 positive regulation of proteolysis 8 6 1.60 × 10−0.2

Both OVCAR-5 and CaOV3 cell lines showed an enrichment of proteins with functions
related to IFN1 signalling, response to cytokine and intermediate filament cytoskeletal
organisation. There were no common differentially abundant proteins in the cell lines
related to IFN1 signalling and response to cytokines, while keratin 2 and keratin 9 were
both more abundant in OVCAR5 parental cells and less abundant in CaOV3 parental cells,
and related to intermediate filament cytoskeletal organisation (Supplementary Table S4).

3.9. KEGG Global Metabolomic Network Analysis of Differentially Abundant Proteins and
Metabolites between Parental and CBPR Cell Lines

To investigate how dysregulated proteins and metabolites contribute to altered metab-
olomic pathways in CBPR compared to parental ovarian cancer cell lines, we performed
a KEGG Global Metabolomic Network analysis on differentially abundant proteins and
metabolites using the Metaboanalyst platform [34]. In both cell lines, there was an enrich-
ment of proteins with functions related to amino acid metabolism and energy metabolism-
related pathways (Tables 3 and 4).
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Table 3. Top 10 KEGG Global Metabolic Pathways for proteins and metabolites with decreased or
increased abundances in OVCAR-5 cells. Terms in bold represent those which are represented in both
OVCAR-5 and CaOV3 cells.

Rank Metabolite Set Count
(Metabolites)

Count
(Proteins)

Count
(Total) p-Value

1 Alanine, aspartate and glutamate metabolism 4 2 6 0.0000817
2 Glycolysis/Gluconeogenesis 2 3 5 0.000717
3 Pyruvate metabolism 2 3 5 0.00419
4 Inositol phosphate metabolism 0 4 4 0.0053
5 Arginine and proline metabolism 3 1 4 0.0189
6 Citrate cycle (TCA cycle) 2 1 3 0.0208
7 Limonene and pinene degradation 1 0 1 0.03
8 Chloroalkane and chloroalkene degradation 1 1 2 0.0348
9 Valine, leucine and isoleucine degradation 2 1 3 0.0445

10 Fatty acid biosynthesis 0 2 2 0.0452

Table 4. Top 10 KEGG Global Metabolic Pathways for proteins and metabolites with decreased or
increased abundances in CaOV3 cells. Terms in bold represent those which are represented in both
OVCAR-5 and CaOV3 cells.

Rank Metabolite Set Count
(Metabolites)

Count
(Proteins) Count (Total) p-Value

1 Alanine, aspartate and glutamate metabolism 2 1 3 0.00692
2 Arginine and proline metabolism 1 2 3 0.0148
3 Folate biosynthesis 0 2 2 0.045
4 Linoleic acid metabolism 0 1 1 0.0858
5 Vitamin B6 metabolism 1 0 1 0.0893
6 Glycine, serine and threonine metabolism 2 0 2 0.0895
7 Glycosylphosphatidylinositol (GPI)-anchor biosynthesis 0 1 1 0.134
8 Thiamine metabolism 0 1 1 0.145
9 Amino sugar and nucleotide sugar metabolism 0 2 2 0.145

10 Sphingolipid metabolism 0 1 1 0.181

Both the OVCAR-5 and CaOV3 cell lines showed significant enrichment in alanine,
aspartate and glutamate metabolism, and in arginine and proline metabolism. One protein
(glutamin-fructose-6-phosphate transaminase (isomerizing) 2 (GFPT2)) related to alanine,
aspartate and glutamate metabolism was common to both the OVCAR-5 and CaOV3 cells.
It was more abundant in the OVCAR-5 parental cells compared to the CBPR pair, and less
abundant in the CaOV3 parental cells compared to the CBPR pair (Supplementary Table S5).
GFPT2 was also seen to be more abundant in chemosensitive primary cells compared to
chemoresistant cells (Supplementary Table S5).

3.10. Kaplan Meier Analysis of Proteins of Interest in Chemoresistance

To investigate whether the result of proteins that were differentially expressed in
parental and CBPR cells was reflected in patients, we examined the relationship with PFS,
and the gene expression of differentially abundant proteins present in both CaOV3 and
OVCAR-5 CBPR cells compared to their chemosensitive counterparts, using the Kaplan
Meir plotter (Supplementary Table S3). Further, we investigated proteins with differential
abundances between the parental and CBPR cell lines that contributed to commonly
identified metabolic pathways (Supplementary Table S5). We identified several proteins
with differential expression between the CBPR and chemosensitive cell lines that were
associated with patient survival (Figure 6).
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and is associated with significantly decreased PFS. (B) High affinity copper uptake protein 
(SLC31A1) showed abundance at least 1.5-fold higher in parental cell lines and is associated with 
significantly increased PFS. (C) Mitogen-activated protein kinase 6 (MAPK6) showed abundance at 
least 1.5-lower in parental cell lines and is associated with significantly decreased PFS. (D) Aspara-
gine synthase (ASNS) showed abundance at least 1.5-fold higher in OVCAR-5 parental cells, is part 
of the enriched Alanine, Aspartate and Glutamate Metabolism pathway, and is associated with sig-
nificantly increased PFS. 
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apy. The unbiased, comprehensive molecular characterisation that is achievable through 
mass spectrometry analysis has great potential for meeting this need and for providing 
deep insight into the molecular basis of chemoresistance. Here, we present a mass spec-
trometry analysis of cancer cell lines that were selected to exhibit resistance to treatment 

Figure 6. Kaplan Meier (KM) plots measuring progression free survival (PFS) in serous ovarian
cancer patients treated with platinum-based chemotherapy (n = 979) related to selected proteins.
(A) RNA binding protein PNO1 (PNO1) showed abundance at least 1.5-fold lower in parental cell
lines and is associated with significantly decreased PFS. (B) High affinity copper uptake protein
(SLC31A1) showed abundance at least 1.5-fold higher in parental cell lines and is associated with
significantly increased PFS. (C) Mitogen-activated protein kinase 6 (MAPK6) showed abundance at
least 1.5-lower in parental cell lines and is associated with significantly decreased PFS. (D) Asparagine
synthase (ASNS) showed abundance at least 1.5-fold higher in OVCAR-5 parental cells, is part of the
enriched Alanine, Aspartate and Glutamate Metabolism pathway, and is associated with significantly
increased PFS.

RNA binding protein (PNO1) and mitogen-activated protein kinase 6 (MAPK6) both
showed at least 1.5-fold expression in CBPR cells, and this increased expression was
associated with significantly decreased PFS. High affinity copper uptake protein (SLC31A1)
showed 1.5-fold higher expression in both OVCAR-5 and CaOV3 parental cells, and this
increased expression was associated with significantly increased PFS. Asparagine synthase
(ASNS) showed 1.5-fold higher expression in OVCAR-5 parental cells, is associated with
alanine, aspartate and glutamate metabolism (Supplementary Table S5), and its increased
expression was associated with significantly increased PFS in HGSOC patients.

4. Discussion

The molecular mechanisms defining chemosensitivity and chemoresistance remain
poorly understood. A detailed understanding might enable us to predict treatment re-
sponses and may potentially lead to the identification of novel drug targets that aid therapy.
The unbiased, comprehensive molecular characterisation that is achievable through mass
spectrometry analysis has great potential for meeting this need and for providing deep
insight into the molecular basis of chemoresistance. Here, we present a mass spectrometry
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analysis of cancer cell lines that were selected to exhibit resistance to treatment with the
primary chemotherapeutic agent used for this disease, CBP. Mass spectrometry-based
metabolomic and proteomic analysis of these samples allowed us to separate resistant cells
from parental cells based on these respective molecular characteristics through unbiased
statistical analysis. Further, dysregulated proteins and metabolites between resistant cells
and their parental pairs were related to cancer-associated pathways.

There has been speculation regarding the cellular origins of the OVCAR5 cell line [26],
and we include this information for transparency. However, it is speculative as to whether
the differences observed in the phenotypical or molecular features reflect potentially differ-
ent organs of origin.

While metabolomics has been widely employed in the search of HGSOC biomark-
ers (reviewed in [41]), there are relatively few studies utilising mass spectrometry-based
metabolomics for the investigation of chemoresistance in HGSOC. One study investigated
the metabolomic profiles of one ovarian cancer cell line, and its platinum-resistant deriva-
tive, and identified the impacts on methionine metabolism and glutathione synthesis
pathways [42]. Here, we expanded on these findings, investigating two additional ovarian
cancer cell lines and putatively identifying almost twice as many metabolites.

Furthermore, numerous proteomics investigations into chemoresistant ovarian can-
cer have been previously performed with the aim of understanding the molecular basis
of chemoresistance and identifying biomarkers of chemoresistance to advise on treat-
ment approaches [43]. These have employed multiple mass spectrometry techniques,
including iTRAQ [44], ICAT [45,46], 2D DIGE coupled with MALDI-TOF-MS [47–49] or LC-
MSMS [50], and label-free LC-MSMS [51]. In addition, mitochondrial fractionation has been
employed to provide a deeper coverage of chemoresistance-associated proteins [48,51].

Previous analyses have identified pathways that correlate with a chemoresistant
phenotype, such as glycolysis [44,50], ubiquitination [50], redox states [44], and PI3K
signalling [45]. Furthermore, a broad panel of proteins has been highlighted for their
potential as biomarkers of chemoresistant ovarian cancer (reviewed in [52]).

G. Fan, et al. (2015) [44] employed eight-plex iTRAQ MS to investigate 10 ovarian
cancer cell lines, and identified several dysregulated proteins related to redox states and
homologous repair in resistant cells. Interestingly, they were able to separate resistant
from sensitive cell lines based on a panel of 300 differentially abundant proteins. Here,
we demonstrate that a similar and potentially more robust separation can be achieved
using over 6000 proteins when comparing directly between a cancer cell line and its
resistant counterpart. Interestingly, Fan et al. were unable to achieve such a degree
of separation with the DNA methylation and RNA data. A similar pattern has been
observed previously [47], affirming the strength of proteomics-based approaches for the
characterisation of chemoresistant phenotypes.

Exposure to chemotherapeutic agents has extreme impacts on the molecular and
functional state of the affected cell. Chemoresistance is a major barrier to improving patient
survival, not only because it prevents the clearance of the cancer, but because it often results
in a more aggressive cancer upon relapse [53]. This could be a result of the evolutionary
pressures which are placed upon cancer cells that are exposed to treatment, resulting in
the development of adaptative survival and migration capabilities in response to these
stressors. Our results show that repeated exposure to small doses of carboplatin is sufficient
to produce an OVCAR-5 population that more readily migrates and invades, compared
with its parent cell line, with very little difference in growth rates.

Molecular changes that occur in response to CBP treatment can be monitored in
differentially abundant metabolites and proteins, and the biological function and pathways
that they regulate. We applied SMPDB enrichment and Gene Ontology-Biological Process
analysis to our metabolomic and proteomic data sets, respectively.

Most of the metabolites identified were not differentially abundant between the
parental and chemoresistant cells. While the differences were sufficient to correctly clus-
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ter biological replicates, pathways analysis of dysregulated metabolites did not result in
significant insights, and are summarised in Supplementary Table S6.

A manual analysis of dysregulated metabolites between parental and chemoresistant
OVCAR-5 cells identified perturbations in glutaminolysis, the TCA cycle and glycolysis.
The enrichment of glutaminolysis and the TCA cycle, was reflected by significant increases
in glutamine (14-fold), oxoglutaric acid (2.7-fold), succinic acid (1.6-fold), malate (2.6-fold)
and aspartic acid (1.9-fold), observed in OVCAR-5 CBPR cells compared to OVCAR-5
parental. Furthermore, we observed an increase in glycolysis-related metabolites in OV-
CAR5 CBPR, including pyruvic acid (7.2-fold) and glucose (3.4-fold). (Note that glutamine,
aspartic acid and glucose were excluded from our above analysis (Table 3) due to their high
abundances in the media-only control).

In contrast, a manual analysis of metabolites that were dysregulated between parental
and chemoresistant CaOV3 cells did not show any clear trends. This could be attributed
to very few of the dysregulated metabolites being confidently identified in this analysis
(six metabolites were identified with reference standards out of 40 differentially abundant
putative metabolites between the CaOV3 parental and CaOV3 CBPR cells (Figure 2)).
Although it was difficult to interpret, the observation that several short peptides and some
putatively identified glycosylated amino acids showed lower abundances in the CaOV3
CBPR cells (Supplementary Table S2), coupled with the observation from our proteomics
data of enriched catabolic pathways in the CaOV3 CBPR cells (Table 1) potentially reflect
alterations in protein turnover. Protein turnover and autophagy are well known to play
complex roles in tumourogenesis and chemoresistance [54], although further studies are
required to address their role in the development of CBP resistance.

Our manual analysis revealed only one metabolite that was similarly dysregulated in chemore-
sistance between the OVCAR5 and CaOV3 cell line pairs (Supplementary Tables S1 and S2). Ala-
nine was 2.8-fold higher in OVCAR5 parental and 2-fold higher in CaOV3 parental, com-
pared to their CBPR pairs. While alanine is involved in several important metabolic
pathways, including lactose metabolism [55], glycolysis and glucogenesis [56] and the
alanine–glucose cycle [57], it is not clear how the increase in this metabolite contributes to
the resistance phenotype in the absence of broader alterations in these related pathways.

No other metabolites were similarly dysregulated in chemoresistance between OV-
CAR5 and CaOV3 cell line pairs, suggesting that these cell lines possess distinct metabolomes.
This could be due to differences in the metabolomes of the parental cells, as seen in
Supplementary Figure S1, or in differences in how the metabolism of each cell type re-
sponds to treatment, or a combination of the two.

Proteomic analysis of both cell line models revealed enriched biological processes that
were related to response to cytokines and cellular response to IFN1 (Tables 1 and 2). IFN1
production and signalling has been previously implicated in the chemotherapy response
of neoplastic cells [58]. However, chemoresistance has previously been associated with
a decreased expression of IFN1 genes in ovarian cancer, contributing to an immunosup-
pressed microenvironment [59]. Moreover, A. Sistigu, et al. (2014) [60] showed that cisplatin
treatment of a panel of cell lines was unable to stimulate IFN1 gene expression. However,
they demonstrated that supplying exogenous IFN1 enhanced the anti-neoplastic effects of
carboplatin in a mice model of melanoma [60]. The role of IFN signalling in ovarian cancer
chemoresistance merits further investigation. Combination therapy with IFN-gamma, Car-
boplatin and Paclitaxel for the treatment of ovarian cancer has previously been investigated
in a phase III clinical trial [61]. Combining diverse immunotherapy approaches with stan-
dard chemotherapy has also shown promise in treating ovarian cancer [62]. Our findings
merit further investigation into combination therapy with cytokines and carboplatin, with
the express aim of overcoming chemoresistance. Further investigations will be necessary to
better understand the molecular details and biological relevance of these findings.

Additional proteins are implicated in the regulation of IFN signalling. For example,
our results showed a decreased abundance of tyrosine kinase 2 (TYK2) in CaOV3 CBPR
cells, which plays a key role in the promotion of IFN1 signalling in response to cytokines
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(Supplementary Table S3). Moreover, we observed an increased abundance of proteosome
subunit beta 8 (PSMB8) in OVCAR-5 CBPR cells (Supplementary Table S3). This protein
can be activated by IFN signalling to form the ‘immunoproteosome’ [63]. In addition to
antigen processing, this complex promotes cell survival, and its inhibition has been shown
to sensitize drug-resistant stomach and colon cancer cell lines to cisplatin [64]. Interestingly,
the stimulation of IFN1 genes is currently under investigation as a potential therapeutic in
a range of contexts and cancers [59,65].

The metabolic network analysis of dysregulated metabolites and proteins, using the
KEGG Global Metabolomic Pathways database, identified ‘alanine, aspartate and glutamate
metabolism’ and ‘arginine and proline’ metabolism as enriched pathways in both OVCAR-
5 and CaOV3 cells. Auxotrophy, where the cell relies on external sources for a specific
molecule, for alanine and glutamate, have both been observed in cancer [66,67], and it is the-
orized that this can promote growth and survival through exogenous amino acid importa-
tion pathways [66]. In our results, we observed an increased abundance of alanine in CBPR
for both cell lines, while glutamate showed an increased abundance in OVCAR5 CBPR,
but a decreased abundance in CaOV3 CBPR (Supplementary Tables S1 and S2). There is a
significant demand for glutamate in proliferating cells for transamination reactions, and for
the use of its carbon backbone for the synthesis of other anabolic metabolites and antioxi-
dants [68]. Further, glutamate contributes to the TCA cycle (it was enriched according to a
KEGG global metabolomic pathway analysis for OVCAR-5 (Table 3)) through the process of
‘glutaminolysis’, which contributes to energy production and cell survival [69]. However,
due to the differences between our cell line pairs, it is difficult to draw broad and consistent,
conclusions regarding how the metabolome changes in response to acquired resistance
to CBP.

A deeper investigation into the enrichment of the ‘arginine and proline’ pathway
revealed the contribution of proteins and metabolites involved in the creatine (creatine
kinase (CK) and guanidoacetic acid) and urea cycle (arginase and 4-guanidinobutanoic
acid) (Supplementary Table S5). The creatine pathway is responsible for maintaining energy
homeostasis through the reversible biosynthesis of phosphocreatine (PCr) from ATP [70].
The presence of a pool of PCr facilitates the rapid generation of ATP at sites with high
energy demands without the need for transporting ATP across cellular membranes [71]. As
cell division is regulated in an energy-dependent manner [72], CK-regulated ATP home-
ostasis is important for the progression of the G1 and G2 phases into S phase and M phase,
respectively [73]. The urea cycle is often dysregulated in cancer to maximize the available
nitrogen and carbon for the anabolic synthesis of macromolecules that are required for
rapid tumour proliferation and growth [74]. Further, the urea cycle is essential for the
detoxification of ammonia, through its conversion to urea [75], which accumulates primar-
ily as a byproduct of the glutaminolysis reaction [74], which was seen to be enriched in
OVCAR5 CBPR cells, as discussed above. These altered pathways potentially represent
perturbations in energy homeostasis, cell cycle control, anabolic pathways, and the detoxi-
fication of anabolic waste products. However, the relatively small number of metabolites
and proteins that were observed to contribute to these pathways in this study means that
these results must be interpreted with caution. Further, the observation that the two cell
lines employed in this study have distinct metabolic pathways, both at base line and after
acquired resistance to CBP, limit the broader conclusions that can be drawn from this data.

To expand on the proteins identified as being differentially abundant between both
the CBPR and chemosensitive cancer cell lines, we investigated the relationship between
their expression and patient survival, using a KM plotter [39]. We identified two proteins
(RNA binding protein PNO1 (PNO1) and mitogen-activated protein kinase 6 (MAPK6))
that exhibited increased abundance in CBPR cells and decreased PFS in HGSOC patients
when their related gene expression was high.

PNO1 is involved in ribosomal biogenesis, and its knockdown has been seen to
increase p53 and p21 signalling, resulting in apoptosis in colon cancer cell lines [76]. In
addition, its expression has been related to lung adenocarcinoma progression mediated
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by amplified Notch signalling pathways [77]. Downregulation of the Notch signalling
pathway sensitizes lung cancer cells to cisplatin [78], potentially representing a pathway
through which PNO1 expression promotes resistance to platinum-based chemotherapy.

MAPK6 is a multifunctional signalling protein that is involved in inflammatory re-
sponses, and cell growth and differentiation [79]. It has been reported to promote metastasis
in lung cancer [80] and inhibit apoptosis in HUVEC cells [81]. It also phosphorylates tyro-
syl DNA phosphodiesterase 2 (TDP2), promoting its topisomerase 2-linked DNA repair
mechanism, which has been shown to confer resistance to topoisomerase inhibitors [82].

We also identified the high affinity copper transporter protein (SLC31A1), which
showed decreased abundance in CBPR cell lines and increased PFS related to high SLC31A1
expression. SLC31A1 is the main import channel for platinum-based antineoplastic drugs
into the cell [83], and its increased expression confers platinum sensitivity in several
contexts [84,85]. Increased SLC31A1 expression, in combination with platinum-based
chemotherapy, correlates with increased survival in ovarian [86] and lung cancer [87]. As
SLC31A1 expression increases in response to limited copper availability, there have been nu-
merous clinical trials investigating the use of copper-chelating agents to increase SLC31A1
expression and to subsequently sensitize cells to platinum-based chemotherapy [88–90].

Further, we identified a protein (asparagine synthase (ASNS)) that was upregulated
in OVCAR-5 parental cells, related to the enriched ‘alanine, aspartate and glutamate
metabolism’ metabolic network, and whose high expression related to increased PFS in
HGSOC patients. This protein catalyses the synthesis of asparagine from aspartate and
glutamate [91], playing a role in tumour initiation and growth under amino acid-limiting
conditions [92]. Silencing ASNS in nasopharyngeal carcinoma has been demonstrated
to sensitize cells to cisplatin treatment through impaired DNA repair and cell survival
mechanisms [93]. Interestingly, supplementation with exogenous asparagine improved
the growth rates of the tumour cells, but did not impact on resistance to cisplatin [93]. In
contrast, increased ASNS expression in response to glucose starvation was seen to enhance
cisplatin resistance in pancreatic cancer [94]. Further work is required to understand how
ASNS contributes to platinum resistance in ovarian cancer, but in acute lymphoblastic
leukaemia, in which the ASNS gene is silenced, asparaginase treatment is effective at
limiting tumour growth, representing a metabolism-targeted treatment in ASNS deficient
cells [95].

It is important to note that we showed these KM curves to demonstrate that these
proteins of interest may play a role in disease progression in a larger cohort. However,
as these were only a small portion of the up- and downregulated proteins identified, we
do not imply that that these are the main regulators of chemoresistance in this setting.
While the roles of these proteins in chemoresistance do merit further investigation, we
have not pursued further validation experiments (such as Western blots, knockdown, or
overexpression experiments).

We have been successful in identifying numerous pathways that are altered in chemot-
herapy-resistant cells lines. However, it is difficult to draw broader conclusions, due
to our relatively small sample size and the observation that PCA and the hierarchical
clustering of metabolomic and proteomic data favour clustering that is based on cell type
rather than chemoresistance status (Supplementary Figures S2 and S3). Furthermore,
we accept that the in vitro exposure of these cells to chemotherapy, in the absence of an
in vivo microenvironment, results in a chemotherapy-resistant phenotype that does not
accurately reflect the in vivo situation. Our model also does not replicate chemoresistance
mechanisms that exist outside of the cell, such as extracellular signalling, drug exclusion
and the influence of other features, including hypoxia and nutrient deprivation.

A proteomic analysis of patient-derived samples is required in order to better un-
derstand the molecular features of chemoresistance in vivo. Here, we performed a pilot
proteomic analysis on two patient samples taken from the ascites of one patient with a
chemosensitive disease and one with a chemoresistant disease (Supplementary Figure S1).
Our findings highlight that there is a striking difference in the molecular profiles of the
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cell lines and primary cells that is far more significant than the differences attributed to
chemosensitivity status (Supplementary Figure S3). Of interest is the observed enrich-
ment of responses to cytokines and cellular responses to IFN1 biological processes in
relation to differentially abundant proteins between sensitive and resistant primary cells
(Supplementary Figure S1), which is also observed in the cell line proteomics data. Cur-
rently, we have access to only two well-characterized and matched primary samples for
analysis, but these findings provide a foundation to expand upon this study using a larger
cohort of primary samples in the future.

A previous study investigated the molecular profiles of ascites-derived ovarian cancer
cells in a larger cohort [96]. They were able to identify approximately 2800 proteins
across four sensitive and four resistant samples, using SDS-PAGE protein separation
followed by mass spectrometry analysis using an Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific, Adelaide, SA, Australia). From these proteins, they identified a total
of 353 differentially abundant proteins between the resistant and sensitive groups, and
observed enriched metabolic, DNA repair and host immune response pathways in resistant
cells. Interestingly, they identified the ‘spheroid’ structures as being essential in ovarian
cancer chemoresistance, representing a structural feature of ovarian cancer that is not
captured in traditional cell culture.

With the application of the modern mass spectrometry approaches outlined here to
a larger cohort of patient-derived samples, there is the potential to further develop our
understanding of chemoresistance. Furthermore, the application of advanced in vitro cell
culturing techniques, including ovarian cancer spheroids, promises to help bridge the gap
between the in vitro and in vivo settings. Finally, combining multiple molecular analyses
beyond metabolomics and proteomics, in a ‘panomics’ approach [97] promises to provide a
deeper understanding of the molecular underpinnings of chemoresistance, as has recently
been demonstrated in a study of low-grade serous ovarian cancer [98]. Together, these
advances hold the potential to provide a holistic molecular snapshot of chemoresistance in
a biologically and clinically relevant manner, to improve patient outcomes.

5. Conclusions

Our analysis was able to separate chemoresistant cells from their parental cells based
on their metabolomic and proteomic features, and we identified altered biological processes
and pathways that are of further interest. A preliminary investigation of patient-derived
cells highlighted the need to perform broad biological and molecular analyses, and com-
prehensive in vitro and in vivo studies using a larger patient cohort, to achieve a deeper
and more clinically relevant characterisation of the molecular drivers of chemoresistance.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Figure S3: PCA and hierarchical clustering analysis of cell line and primary cell proteomics; Table
S1: OVCAR-5 metabolomic data; Table S2: CaOV3 metabolomic data; Table S3: Full list of proteins
identified; Table S4: List of proteins related to GOBP terms; Table S5: List of metabolites and
proteins related to KEGG global metabolomic network terms; Table S6: List of metabolites related to
SMPDBT terms.
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5.1. Summary 1 

Standard biological and pharmaceutical analyses of cancer cell lines and cells have traditionally 2 

been performed in two-dimensional cell culture systems. These have the advantage of ease of 3 

use, relative cost effectiveness and the capacity to upscale into high throughput platforms. 4 

However, they come with several shortcomings in how they replicate the in vivo situation. This 5 

goes some way to explain the striking discrepancies between the number of anti-cancer drugs 6 

which are seen to be effective in tissue culture and the number which show efficacy in the clinic. 7 

This is particularly evident in ovarian cancer where there have not been significant changes in 8 

the first line chemotherapy treatment over the last 30 years. 9 

One way to begin to overcome this is through the development of in vitro models which better 10 

replicate the in vivo situation. One of these models are multicellular tumour spheroids (MCTS). 11 

These are cellular aggregates form spontaneously, or with the assistance of extracellular matrix, 12 

when cells are prevented from adhering to tissue culture surfaces. While they do not replicate all 13 

features of the in vivo situation they go some way to bridge the gap by replicating cell-cell 14 

connections and waste and gas gradients observed in solid tumours. Through this they represent 15 

a middle ground between cell lines (easy to use but not biologically relevant) and animal studies 16 

(biologically relevant but expensive and time consuming). 17 

Ovarian cancer, and other cancers of the female pelvic region, hold the unusual characteristic of 18 

existing within an open system where cells can and do move between organs as part of healthy 19 

reproductive processes. This provides unique advantages to the cancers which develop in these 20 

regions. This primarily includes metastasis, where, in the case of ovarian cancer, cancer cells can 21 

shed from the ovary and implant into the peritoneum without the need to invade through tissue. 22 

For cancer cells to perform this migration they are required to live in an anchorage free 23 

environment and develop resistance to anoikis. In the case of HGSOC, this is performed through 24 

the formation of spherical cellular aggregates similar to MCTS described above, which can exist, 25 

free floating, in the peritoneal cavity. While the ascites derived MCTS are distinct from the in 26 

vitro MCTS described above, they both possess a gradient of cellular proliferative activity 27 

resulting from the gas, nutrient and waste gradients which are inherent to this spherical structure.  28 

The metastasis and survival of ovarian cancer is further supported through the cancer driven 29 

accumulation of fluid in the peritoneal cavity called ascites. The ascites are a cancer promoting 30 

niche within which ovarian cancer exists primarily as MCTS and demonstrate increased 31 

chemoresistance in this setting. The exact reasons why MCTS are more resistant to primary 32 

chemotherapy is not entirely understood but is thought to be the result of reduced penetration of 33 

the drugs into the spheroid structure, protective paracrine signalling between the cells and the 34 

formation of a quiescent population with the spheroid which are inherently resistant to 35 

proliferation targeted chemotherapy such as CBP. 36 

Together, this makes the role of MCTS in the progression of HGSOC of great importance. In the 37 

below publication we review the mass spectrometry-based approaches to investigating MCTS, 38 

both in the context of an in vitro model for solid tumours and ascites derived ovarian cancer 39 

MCTS. Further, we present the first MALDI MSI analysis of an ascites derived MCTS and 40 

identify analytes which relate to the different layers of the MCTS structure. 41 
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Mass Spectrometry Analyses of Multicellular Tumor
Spheroids

Mitchell Acland, Parul Mittal, Noor A. Lokman, Manuela Klingler-Hoffmann,
Martin K. Oehler, and Peter Hoffmann*

Multicellular tumor spheroids (MCTS) are a powerful biological in vitro model,
which closely mimics the 3D structure of primary avascularized tumors. Mass
spectrometry (MS) has established itself as a powerful analytical tool, not only
to better understand and describe the complex structure of MCTS, but also to
monitor their response to cancer therapeutics. The first part of this review
focuses on traditional mass spectrometry approaches with an emphasis on
elucidating the molecular characteristics of these structures. Then the mass
spectrometry imaging (MSI) approaches used to obtain spatially defined
information from MCTS is described. Finally the analysis of primary
spheroids, such as those present in ovarian cancer, and the great potential
that mass spectrometry analysis of these structures has for improved
understanding of cancer progression and for personalized in vitro therapeutic
testing is discussed.

1. Introduction

Since the establishment of HeLa cells in 1953,[1] cell lines have
provided researchers with an almost unlimited supply of cells
for experimentation and, since then, a vast number of immor-
talized cell lines have been established from a range of different
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cancers. Decades of optimization have
led to rapid and reproducible techniques
employing cancer cell lines. Cells are typ-
ically either grown as an adherent mono-
layer or in suspension and, despite the
profound impacts that these techniques
have had on biological research, it has
been noted that these simple biological
systems do not truly represent the in vivo
environment.[2] Monolayer culture condi-
tions fail to capture the tumor microen-
vironment which involves the complex
interaction between heterogeneous cell
populations, extracellular matrix (ECM)
components, and the influence of a
host of secreted factors that are present
in the tissue. Additionally, it has been
shown that growing cells on ridged 2D
structures, such as tissue culture plastics,

results in abnormal metabolism and protein expression.[2]

This highlights the need for in vitromodels whichmore closely
replicate the in vivo situation. Multicellular tumor spheroids
(MCTS) are an in vitro model composed of cancer cells which
have been allowed to grow as 3D aggregates. These structures
replicate gas and nutrient diffusion, gene expression, protein
abundance, cell–cell interactions and cell–ECM connections seen
in primary tumors.[3–8] Mass spectrometry approaches hold great
potential for elucidating the molecular organization of these
structures and how MCTS respond to cancer therapeutics. To-
gether these methods promise to provide insight into the com-
plex molecular mechanisms underpinning cancer progression
and response to therapy in a way which is rapid, reproducible,
and closely replicates the in vivo conditions.
In the first part of this review we summarize the mass spec-

trometry approaches used to investigate MCTS as a model fo-
cusing on cancer progression and treatment response. There
are a number of traditional LC-MS/MS approaches, which have
been applied to the MCTS model, as well as other soluble tech-
niques, which aim to provide information about the global abun-
dance of proteins and other molecules. This includes gel and la-
bel based techniques such as 2D-PAGE and stable isotopic la-
beling of amino acids in culture (SILAC), respectively. These
techniques have typically focused on identifying proteomic dif-
ferences between the same cells grown as monolayers or as
MCTS.[9,10]

One short coming of traditional mass spectrometry ap-
proaches in this context is that they require homogenization of
the sample causing loss of spatially defined information. MCTS
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formed from homotypic population of cancer cells develop lay-
ers of different proliferative capacities[11] making spatial localiza-
tion of molecules important. In the second part of this review we
summarize current methods for investigating spatially defined
molecular information and therapeutics response such as mass
spectrometry imaging (MSI). The publications summarised are
listed in Table 1. Finally we outline a MSI approach established
in our lab to investigate peptide abundance in primary ovarian
cancer ascites derived spheroids (ADS) and discuss the future
application of mass spectrometry to ADS in the pursuit of per-
sonalized cancer therapy.

2. MCTS as a Biological Model for Avascularized
Tumors

2.1. MCTS Replicate Solid Tumor Structure and Tumorigenicity

MCTS are being used extensively in research and drug develop-
ment, as they closely replicate avascularized solid tumors.[4,6–8]

The cell–cell and cell–ECM connections seen in MCTS mimic
the in vivo situation and have profound effects on cellu-
lar signaling.[3,5] Consequently, research utilizing this biologi-
cally relevant cellular model aims to bridge the gap between
research employing monolayer culture and that of in vivo
experimentation.[9]

When grown to diameters greater than 500 μm,MCTS from a
single cell lines form a core of necrotic cells. They are believed to
be a result of the cells’ response to gradients of oxygen, nutrients,
pH, CO2, and metabolic waste within the MCTS structure.[11]

The cells surrounding the necrotic core seem to have adapted
to their challenging conditions, with a majority of cells in this
region entering a quiescent state, while most of the cells in the
outer regions of the MCTS continues to proliferate. This results
in three physiological layers of different proliferative capacities[11]

(Figure 1) and this heterogeneous cellular structure profoundly
alters growth, survival, and response to treatment as compared
to the same cells grown as monolayers.[12]

Furthermore, some cell lines have been shown to be more tu-
morigenic as MCTS when compared to single cell suspensions
in the animal model,[13] supporting their relevance as a biological
model. Interestingly, MCTS formed from co-cultures of cancer
cells and normal fibroblasts have more tumorigenic properties
than homotypic spheroids and both cell types in suspension[13]

which correlated with increased spheroid density in cancer–
fibroblast co-cultures. This is not surprising considering that sig-
naling between cancer cells and cancer associated fibroblasts are
important in cancer progression[14] and it again highlights the
importance, and complexity, of heterotypic cell–cell interactions.

2.2. Chemotherapy Response in MCTS

Cells grown as MCTS have been demonstrated to be more re-
sistant to the majority of traditional chemotherapy treatments
when compared to the same cells cultured as monolayers.[15–18]

The exact mechanism by which MCTS formation protects cells
from chemotherapy has not been fully elucidated. However, in-
hibited diffusion of the drugs, the maintenance of a quiescent

population within the MCTS, expression of pro-survival genes as
a result of cell–cell contact, and paracrine/autocrine signaling[19]

have been suggested as possible mechanisms. This is supported
by studies demonstrating that disruption of cell–cell contacts sen-
sitizes MCTS to chemotherapy treatment.[16] One explanation for
higher chemotherapy resistance in MCTS is that the inner qui-
escent layer is in a non-proliferative G0 cell cycle stage, provid-
ing resistance to therapies which target proliferating cells.[20] In
melanoma MCTS, cells in G0 were localized to the inner layer of
the MCTS with cycling cells on the periphery, which correlated
with higher oxygen levels.[21] The cell cycle stages were shown
to be similar to a mouse xenograft model with more cell cycle
arrest observed distant from blood vessels.[21] Moreover, hypoxia
in the central layers of MCTS has been shown to reduce the ef-
fectiveness of radiation and chemotherapy[22,23] as well as being a
factor which promotesmetastasis and progression.[24,25] Together,
this suggests that the MCTSmicroenvironment mimics that of a
solid tumor giving rise to microenvironment driven phenotypic
changes which have vast influences on cancer progression and
chemotherapy response.

2.3. Cancer Biomarkers are Present in MCTS

The biological relevance of the MCTS model has been demon-
strated by the appearance of more relevant cancer biomark-
ers in cells grown as MCTS compared to cells grown as
monolayers.[26,27] One example is the pancreatic cancer cell line
PC3, which, in 3D culture conditions, exhibited a shift from E-
cadherin to N-cadherin expression and increased CXCR4 and β1
integrin abundance at the cell membrane.[27] Expression of these
proteins is similar to that observed in primary pancreatic cancer
biopsies.
MCTS have also been shown to more closely resemble gene

expression patterns observed in solid tumor.[28–31] In general, this
includes an increase in cell adhesion and cell junction genes with
a decreased expression of genes associated with DNA replication
and progression of the cell cycle.[28,30,31] In the case of head and
neck squamous cell carcinoma (HNSCC), increased expression
of cytochrome P450 xenobiotic metabolism genes were observed
inMCTS compared tomonolayers.[28] This has also been reported
in hepatocellular carcinomas[30] and more closely replicates the
expression observed in cancer tissue.[31] The cytochrome P450 su-
perfamily is thought to be responsible for up to 75% of all drug
metabolism processes[32] and the upregulation of these genes in
MCTS suggests increased drug resistance mechanisms in these
structures compared to the same cells grown as monolayers.

2.4. Conclusion of MCTS as a Biological Model for Avascularized
Tumors

MCTS represent a powerful biological model to further analyze
and better understand the complex biology and drug response
of avascularized tumors. They faithfully replicate the solid tu-
mor in gene expression, protein biomarkers, drug response, gas
and nutrient gradients, and the subsequent cellular layers of dif-
ferent proliferative capacities.[33] However, there are still a num-
ber of limitations associated with this in vitro model. For exam-
ple, not all immortalized cells’ lines are able to spontaneously
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Table 1.Mass spectrometry approaches to investigating cancer spheroids.

Paper Author Analysis method Spheroid growth
method

Cell origin Key findings

Soluble based mass spectrometry approaches
Bottom-up proteomic analysis of single
HCT 116 colon carcinoma
multicellular spheroids

Feist et al. (2015).
Hummon Lab

LC-MS/MS (DDA) Agarose overlay HCT116 colon cancer cell
line

Established that, through the use of purification
techniques, a single spheroid can be investigated with
LC-MS/MS in a reproducible way.

Nutrient restriction of glucose or serum
results in similar proteomic expression
changes in 3D colon cancer cell lines

Schroll et al. (2016) iTRAQ + LC-MS/MS
(DDA)

Agarose overlay HCT116 colon cancer cell
line

↑SIRT1 (metabolic), ↑PIAS1 (signaling), ↓MRD1 (drug
resistance), ↓ZBTB7 (oncogenic transcription factor).
Showed that nutrient restriction increases cell viability
but also increases effectiveness of chemotherapy.

Proteomic analysis reveals differences in
protein expression in spheroid versus
monolayer cultures of low-passage
colon carcinoma cells

Gaedtke et al. (2007) 2D-PAGE + MALDI MS Agarose overlay Two newly made colon
cancer cell lines used
at a very low passage

Identified differentially regulated proteins in MCTS
(↑Laminin A/C fragment, ↑P0 ribosomal component, ↑
acidic calponin.

Metabolic alteration of HepG2 in
scaffold based 3D culture: proteomic
approach

Prusksakorn et al. (2010) 2D-PAGE + MALDI MS Collagen type 1
scaffold

HepG2 colon cancer cell
line

Increase in glycolytic, ECM and cytoskeletal proteins in
MCTS compared to monolayers.

3D neuroblastoma cell culture:
proteomic analysis between monolayer
and multicellular tumor spheroids

Kumar et al. (2008) 2D-PAGE + MALDI MS polyHEMA coated
plates

Neuroblastoma cell lines:
SK-N-AS, SK-N-DZ,
and IMR32

Increase in glycolytic and heat shock proteins in MCTS
compared to monolayers.

Comparative proteomics of ovarian
cancer aggregate formation reveals an
increased expression of
calcium-activated chloride channel
regulator 1 (CLCA1)

Musrap et al. (2015) SILAC + LC-MS/MS Hanging drop Ovarian cancer cell lines:
OV90, TOV-112D, and
ES-2

Greatly increased expression of CLCA1 in MCTS
(eightfold) in MCTS compared to monolayers. This ion
channel is essential in MCTS formation in this context.

Proteomic comparison of 3D and 2D
glioma models reveals increased
HLA-E expression in 3D models is
associated with resistance to NK cell
mediated cytotoxicity

He et al. (2014) Dimethyl labeling +
LC-MS/MS

Rotary cell culture Glioma cell line: U251 Decreased abundance of proteins involved in proteosomal
degradation and antigen presentation in MCTS
compared to monolayers. Observed decreased
susceptibility to NK cell mediated apoptosis in MCTS.

Quantitative proteomic and
phosphoproteomic comparison of 2D
and 3D colon cancer cell culture
models

Yue et al. (2016) SILAC + LC-MS/MS ULA (ultra low
attachment)
plates

Colon cancer cell line:
HT29

Highly reproducible phosphoproteomic analysis of MCTS.
Identified differentially abundant proteins and
phosphoproteins involved in proliferation, cell cycle,
and DNA repair.

Multicellular tumor spheroids combined
with mass spectrometric histone
analysis to evaluate epigenetic drugs

Feist et al. (2017) Serial trypsinization,
histone extraction,
and DIA LC-MS/MS

Agarose overlay HCT116 colon cancer cell
line

Observed significantly different methylation patterns in
MCTS compared to monolayers. Treated spheroids with
UNC1999, which inhibits methylation of H3D27, and
observed decreased H3D27 methylation in the outer
layers of the spheroid. Established this as a platform for
testing epigenic targeting anti-cancer agents.

Proteomic approach toward molecular
backgrounds of drug resistance of
osteosarcoma cells in spheroid culture
system

Arai et al. (2013 2D-DIGE NanoCulture plates
(NCPs; 96-well,
low-binding;
SCIVAX
Corporation,
Kanagawa, Japan)

11 osteocarcinoma cell
lines

Nine out of 11 osteocarcinoma cell lines were significantly
more resistant as MCTS than as monolayers. This was
correlated with cathepsin D, gelsolin and ferritin
abundance.
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Table 1. Continued.

Paper Author Analysis method Spheroid growth
method

Cell origin Key findings

Plasma membrane proteomics of tumor
spheres identify CD166 as a novel
marker for cancer stem-like cells in
head and neck squamous cell
carcinoma

Yan et al. (2013) Membrane
fractionation +
SDS-PAGE +
LC-MS/MS

ULA plates HNSCC cell lines: CAL27,
HN6, HN12, HN13

Identified differential abundance of proteins involved in
differentiation (CD44), cell adhesion (CD166), and
numerous signaling pathways (Wnt, integrin, and TGFβ
signaling pathways). They focused on CD166 as a
protein which was required for spheroid formation and
has been associated with malignant progression of a
number of cancers.

Colorectal cancer derived organotypic
spheroids maintain essential tissue
characteristics but adapt their
metabolism in culture

Rajcevic et al. (2014) SDS-PAGE combined
with LC-MS/MS

Agarose overlay Primary tumor fragments
from patients with
colorectal carcinoma

Performed the first global proteomic analysis of
“organotypic spheroids” (OS) formed from tumor
biopsies. They observed an 86% similarity in protein
abundance between OS and the tumors they were
derived from demonstrating an in vitro method of
tumor aggregate generation which directly replicates the
primary tumor it was derived from.

3D neuroblastoma cell culture:
proteomic analysis between monolayer
and multicellular tumor spheroids

Kumar et al. (2008) Nuclear and
cytoplasmic protein
enrichment, 2D
electrophoresis and
LC-MS/MS

ULA plates Three neuroblastoma cell
lines: SK-N, SK-N-DZ,
and IMR-32.

Investigated differential protein abundance between
monolayers and MCTS and identified proteins with
altered abundance to be heat shock and glycolysis
related.

Mass spectrometry imaging
Imaging mass spectrometry of 3D cell
culture systems

Li and Hummon (2011) MALDI + LC-MS/MS Agarose overlay HCT116 colon cancer cell
line

Established the work flow for MALDI imaging of MCTS.
Found increased expression of various survival proteins.

Chemical imaging of platinum based
drugs and their metabolites

Liu and Hummon (2016) MALDI MSI Agarose overlay HCT116 colon cancer cell
line

Were able to semiquantitatively track the distribution of
the platinum based drug, oxaliplatin, and its metabolite
in MCTS.

Drug penetration and metabolism in 3D
cell cultures treated in a 3D printed
fluidic device: assessment of
irinotecan via MALDI imaging mass
spectrometry

LaBonia et al. (2016) MALDI MSI Agarose overlay HCT116 colon cancer cell
line

Were able to track the penetration of irinotecan into MCTS
delivered via a 3D printed fluidic device which better
replicated the dynamic drug dosing which occurs in
vivo.

Accumulation of arachidonic
acid-containing phosphatidylinositol at
the outer edge of colorectal cancer

Hiraide et al. (2016) MALDI MSI Cell matrix type 1
(gelatin based
scaffold)

Primary colon cancer
derived spheroids, and
the colon cancer cell
lines; HCT116 and
DLD1

Identified high abundance of the phospholipid
PI(18:0/20:4) on the periphery of primary cell derived
MCTS. This was not present in cell line derived spheroid
showing the shortcomings of the cell line MCTS model.

Quantitative bioimaging of platinum
group elements in tumor spheroids

Neihoff et al. (2016) LA-ICP-MS Spinner Flask TFK-1 bile duct
carcinoma cell line

Were able to quantitatively track the distribution of
platinum and palladium based drugs into cancer
spheroids.

Analyzing liposomal drug delivery
systems in 3D cell culture models
using MALDI imaging mass
spectrometry

Lukowski et al. (2017) MALDI MSI Agarose overlay Colon cancer cell line:
HCT116

Traced the penetration of liposomal doxorubicin into
MCTS. Observed similar penetration between free drug
and liposomal drug however there was slower
metabolism of the liposomal drug. Strong precedence
for using the MCTS model to investigate uptake of
liposome encased compounds.
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Figure 1. Graphical representation of a multicellular tumour spheroid
formed from homotypic dissociated cells. The structure has proliferating
cells on the outer layer (blue) a quiescent inner ring (purple) and a necrotic
core (black). These layers are a result of limited diffusion of oxygen and
nutrients in conjunction with increased waste and CO2 in the centre of
the structure. (Layers are drawn for illustration purposes only and are not
drawn to scale)

form MCTS and those which do require extensive optimization
and validation which limits the use of this model.[34] Additionally,
these structures fail to replicate a number of aspects of the solid
tumor such as heterogeneous cell populations, paracrine and en-
docrine signaling, and immune cell interactions all of which play
a role in cancer progression. To address this, currentlymore com-
plex in vitro systems are being evaluated, including methods to
encourageMCTS formation by co-culturing with other cell types,
such as fibroblasts,[13] and replication of the complex signaling
which occurs in vivo.[35] These methods are an exciting avenue
for the future development of the MCTS model.

3. Generating and Maintaining MCTS in Culture

MTCS were first documented in the 1970’s[36] and have ex-
perienced a renaissance in the last 5 years,[37] likely due to
advancements in culturing techniques. MCTS is an umbrella
term describing 3D structures composed of cancer cells alone
or co-cultured with other cell types with or without matrix or
other scaffolds.[2] The simplest, and most widely used, means
of generating MCTS consist of suspensions of homotypic can-
cer cells which are encouraged to aggregate by a range of meth-
ods. The best characterized include culturing on non-adhesive
surfaces,[38,39] hanging drop,[40,41] and spinner flask (reviewed
in[42]).
Establishing MCTS in non-adhesive tissue culture plates is

the most common method of growing these structures. These
techniques are rapid and inexpensive and can potentially be em-
ployed in high throughput drug testing. To standardize MCTS
size with this method, cells can be seeded into 96 well round
bottom plates,[34] but cultures usually still contain a mix of at-
tached cells and MCTS.[2] The hanging drop method involves
growing MCTS in drops of media on the underside of tissue
culture plastic held by surface tension. This technique generates

consistent MCTS but is labor intensive and unsuitable for long
term culturing.[2] Finally, the spinner flask method utilizes sus-
pension culture, which is continuously stirred to encourage
MCTS formation. This method is useful for large scale produc-
tion of MCTS. However, the sheer force used to generate MCTS
can result in phenotypic changes and heterogeneous distribution
of cell numbers within the MCTS.[42]

There are also a number of more complex 3D culturing
methods developed in order to more closely replicate the in vivo
environment for any particular biological situation. These in-
clude co-culturing with other cell types,[5] culturing in matrices,
such as hydrogels,[43] and in microfluidic devices[44] (reviewed
in[35]).

3.1. Primary Cell Derived Three Dimensional Cell Culture

In addition to being formed from dissociated cells in culture, 3D
aggregates also appear as part of ovarian cancer malignant pro-
gression and will be defined here as “ADS.”[45] Ovarian cancer is
characterized by dissemination of tumor cells into the abdom-
inal cavity causing the formation of malignant cancer-cell rich
fluid called “ascites.”[46,47] Within the ascites ovarian cancer cells
exist as both single cells and spherical aggregates.[48] These struc-
tures are thought to be of importance in inherent and acquired
chemo resistance,[49] which is a defining characteristic of ovar-
ian cancer, and represents a reservoir of cancer cells which drive
metastases.[50]

4. Analysis Techniques for Investigating MCTS

Despite many advances in culturing methods, there remains the
barrier of analyzing these 3D structures in a waywhichmaintains
their biologically important structures. A range of techniques
have been developed to investigate the morphology, topography,
growth, cellular organization, gene expression, cell cycle pat-
terns, and invasive and metastatic potential of MCTS (reviewed
in[51]). This includes a range of microscopy based techniques,
flow cytometry, traditional proteomic, genomic, metabolomic,[52]

and transcriptomic techniques as well as the application of math-
ematical modeling.[51]

However, in this complex 3D context, many of these tech-
niques are inadequate. For example, colorimetric dyes and lysate
based techniques, such as flow cytometry and western blots, lose
the spatial information during sample preparation. Additionally,
fluorophore based techniques, such as microscopy and histology,
require foreknowledge of molecules of interest limiting the po-
tential of these techniques to discover novel molecular aspects of
these structures.
To overcome the issues related to loss of spatial informa-

tion, the MCTS can be separated into solubilized layers via se-
rial trypsinization.[53] This technique was first applied and val-
idated in the 1980’s to characterize the different cell popula-
tions inMCTS formed frommousemammary tumor cell line.[53]

Briefly, it involves washing the MCTS with trypsin, removing
the dissociated cells forming the outer layer, and repeating un-
til the entire spheroid is separated.[53] Sutherland et al. (1980)
demonstrated that this approach separated the MCTS consis-
tently and went on to characterize an inner layer of cells as
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Figure 2. Workflow for LC–MS/MS andMALDIMSI analysis of MCTS. LC–MS/MS: Cells are harvested and lysed before specific fractionation techniques
are applied. This is followed by processing including tryptic digest for investigation of peptides. The sample is loaded into the LC–MS/MS and spectra
are acquired before data analysis to identify molecules and perform relative quantification of abundance. MALDI MSI: Spheroids are embedded and
sectioned onto conductive slides. Matrix and calibrants are applied to the sections before spectra are acquired in a MALDI-TOF instrument. Spectra are
co registered with images of the sections to acquire spatially localised molecular information.

quiescent while the outer layers were proliferative, however to
a lower extent than the same cells grown as monolayers.[53]

This technique is compatible with a range of analysis tech-
niques, including mass spectrometry, and is discussed further in
Section 4.2.1.

4.1. Traditional Mass Spectrometry Techniques for Analyzing
MCTS

One way to address some of the short comings of the techniques
discussed above is to investigate the molecular underpinnings of
these structures using mass spectrometry (Figure 2). Mass spec-
trometry analyses have the potential to identify vast numbers of
proteins, post translationalmodifications (PTMs), lipids,metabo-
lites, and other analytes with relative quantification. No fore-
knowledge of the molecule of interest is required, making these
techniques ideal for discovery approaches. These techniques
have been used in cancer biology to identify biomarkers for
cancer detection,[54–57] to predict chemotherapy response,[58–62]

and to investigate the biology of cancer progression.[63] In the
case of MCTS, mass spectrometry has been employed to iden-
tify molecules which are involved in MCTS formation or confer
MCTS specific characteristics as well as tracing penetration of
therapeutics into these structures.
One of the barriers to effective elucidation of the proteome us-

ingmass spectrometry is the great complexity of the sample. This
complexity can result in higher abundance analytes suppressing
the signals from less abundant, but no less biologically impor-
tant, ones.[64] To overcome this, a range of fractionation tech-
niques are employed in traditionalmass spectrometry work flows
in order to reduce the complexity of the sample.
Liquid chromatography (LC) techniques have become the

standard approach for fractionation of analytes before mass

spectrometry analysis. Themost commonly used LC technique is
reverse phase liquid chromatography (RP-LC).[65] One limitation
of RP-LC is that highly polar analytes are difficult to separate as
they are not well retained on the column. This can be overcome
through the use of hydrophilic interaction liquid chromatogra-
phy (HILIC)[66] and this technique has been employed to separate
carbohydrates,[67] peptides,[66] and polar pharmaceuticals.[68] It is
yet to be widely applied for the analysis of MCTS, however holds
potential andmight result in a complementary data set. Together,
these LC techniques provide effective fractionation of a range of
complex samples allowing for effective identification and relative
quantification in MS instruments.
Recently, label free proteomic analysis of MCTS was achieved

for single MCTS formed from the colon cancer cell line:
HCT116.[69] Initially, they established that a single MCTS (ap-
proximately 1 mm in diameter) contains an average of 39± 4 μg
of protein. Through careful protein concentration, via acetone
precipitation, and sample preparation the authors were able to
minimize any protein losses resulting in the identification of
more than 1350 proteins from a number of duplicate runs with
high reproducibility and relative quantification. Through the ap-
plication of Pearson’s correlation they were able to show that vari-
ations in identified proteins between different single MCTS were
purely due to random variations in spectra[69] supporting the high
level of reproducibility in LC-MS/MS analysis of MCTS and the
possible application with high throughput platforms.
In addition to being formed from dissociated cells in culture,

spherical aggregates can also be grown directly from a tissue
biopsy fragment[70] which has the advantage ofmaintainingmore
tissue-like characteristics such as ECM, capillaries, and tumor
cell heterogeneity.[70] For example, Rajcevic et al. (2014) found
that, when colorectal cancer biopsy fragments were grown as
3D aggregates, they formed a distinct organization with an outer
layer of epithelial cells and an inner core of mesenchymal cells,
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and a small number of infiltrating immune cells, showing the
complex heterogeneity in tumors and how they can be replicated
using these in vitro techniques.[71] They went on to perform the
first global proteomic analysis of these “organotypic spheroids”
(OS) using SDS-PAGE coupled with LC-MS/MS and comparing
them to cancer tissue directly obtained from a biopsy. They were
able to identify 1315 proteins with 35 upregulated and 70 down-
regulated in OS compared to cancer tissue. They highlighted an
86% similarity in proteins identified in OS and tumor biopsies
with the proteins that were found to be differentially abundant be-
ingmostly ECMand cytoskeletal proteins, which is to be expected
as the spatial organization of this cellular structure is changed
ex vivo. Despite the small differences in proteomes in these
organotypic spheroids compared to tumor biopsies, this method
holds promise for further improving upon the biological rele-
vance of these in vitro techniques.

4.1.1. 2D Gel Based Fractionation Combined with MS Analysis

2D electrophoresis techniques, such as 2D-PAGE, are fractiona-
tionmethods commonly employed in proteomic mass spectrom-
etry workflows. It typically involves separating proteins based on
their isoelectric point in the first dimension and by molecular
weight in the second dimension[72] and is an effective method for
separating proteins out of complex samples. Once a protein spot
is separated it can be readily identified using mass spectrome-
try. However, one protein spot can contain a number of proteins,
with the most abundant being the most likely to be identified.
An example of the use of 2D-PAGE coupled with LC-MS/MS

compared HepG2 liver cancer cell lines grown as monolayers or
as MCTS in collagen based scaffolds.[10] This approach identified
more than 823 ± 45 spots in monolayer culture and 762 ± 65
in MCTS with 73 of these spots shown to be significantly differ-
entially abundant between the two groups. This was followed up
with in-gel tryptic digestion and LC-MS/MS identifying a num-
ber of proteins involved in cytoskeletal organization and indica-
tive of a shift toward anaerobic glycolysis, which has been widely
observed in MCTS.[69,73–76] The microenvironmental stresses on
cancer, replicated through MCTS culture, are vital in the shift to
glycolytic metabolism which mediates angiogenesis, tumor pro-
gression, and metastasis.[3]

Through immunoblotting for stabilized HIF-1α, they identi-
fied increased levels of hypoxia in MCTS[10] and established that,
when grown asMCTS, these cells could replicate a number of as-
pects of an avascularized tumor.[77] The role of hypoxia in driving
tumor progression, and reducing the effectiveness of anti-cancer
therapy, has been described in a number of contexts.[78,79] In ad-
dition to altered metabolism and hypoxia response, an increased
abundance of ECM and cytoskeletal proteins were identified in
MCTS, which both play a role in cancer progression, particularly
in migration and metastasis.[80,81]

A similar approach was also applied to three neuroblastoma
cell lines grown in low attachment plates.[9] Through com-
bined nuclear and cytoplasmic enrichment followed by 2D elec-
trophoresis, they identified 18 spots differentially abundant in
MCTS compared to monolayer cells. These proteins were iden-
tified via in-gel tryptic digestion followed by LC-MS/MS and
were characterized as heat shock and glycolysis related. The

altered metabolism and expression of heat shock proteins
(HSPs), seen only in the MCTS, replicates protein expression in
solid tumors[82,83] further establishing MCTS as a strong biologi-
cal model. The increased abundance of stress response proteins,
such as HSPs, have been associated with apoptosis resistance,
angiogenesis, and chemo resistance[82] and are expected to arise
in response to the stressful conditions in the inner layers of the
MCTS.
2D electrophoresis, with MALDI MS mass fingerprint pro-

tein identification, was used to investigate the proteomic differ-
ences in primary colon cancer cell lines grown as MCTS or as
monolayers.[73] Through the generation, and early passage anal-
ysis, of colorectal cancer cell lines they aimed to reduce the
impact that long term culturing has on the phenotype of can-
cer cell lines. Four proteins spots showed significantly altered
abundance in MCTS compared to monolayer culture when an-
alyzed via 2D electrophoresis. These were then identified by
MALDI MS mass fingerprinting as acidic calponin, laminin
A/C, 15-hydroxyprostaglandin dehydrogenase, and acidic ribo-
somal protein P0 which are associated with the cytoskeleton,
prostaglandin metabolism, and ribosomal function, respectively.
Laminin A/C was identified by MALDI MS, however in the 2D
electrophoresis it was approximately 30 kDa smaller than the ex-
pected size of the full length protein. They concluded that this
represented a truncated version of the proteins which was more
abundant inMCTS compared tomonolayers. This difference was
more pronounced in more compact MCTS and coincided with
high levels of apoptosis. The abundance of this protein in 2D
cultures under hypoxia and/or serum deprivation was investi-
gated to determine whether these particular stresses are respon-
sible for the cleavage of this protein in MCTS. Hypoxia alone
were not sufficient to alter the abundance of this protein frag-
ment in 2D cultures, however serum deprivation alone, or com-
bined hypoxia and serum deprivation, resulted in an increased
abundance of this truncated protein. It was demonstrated that the
truncated laminin A/C protein fragment is a product of caspase-
6 activation through the use of a caspase-6 inhibitor. This sup-
ports early findings of caspase-6 activation and protein cleavage
within the MCTS.[84] Interestingly, apoptosis and consequently
caspase-6 activation, was present in localized areas throughout
the spheroid. This is in contrast to the well characterized mor-
phology of MCTS,[11] specifically the necrotic core, suggesting
that these properties may not be universal.

4.1.2. Label Based MS Approaches

Minute differences in sample preparation, sample injection, and
between each MS run can have profound effects on the MS re-
sults. This is particularly true when attempting to quantify differ-
ential protein abundance between samples. This results in a large
number of technical replicate runs being required before any
quantitative difference can be confidently identified. To overcome
this, mass tags, such as SILAC, iTRAQ, and dimethyl labeling,
can be incorporated into the samples, typically labeling proteins
or peptides, during tissue culture or after cell lysis. The addition
of these mass tags to one of the comparative groups allows mul-
tiple samples to be mixed and prepared in an identical manner
while facilitating their separation within the mass spectrometer.
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Through the use of such labeling techniques, multiple samples
can be investigated simultaneously facilitating accurate relative
quantification, reducing bias, and increasing reproducibility.[64]

SILAC combined with LC-MS/MS, was applied by Musrap
et al. (2015) to compare the proteome of the ovarian cancer cell
line, OV90, grown adherently or as MCTS.[76] Through the use of
this method 1533 proteins were identified with 13 more abun-
dant in MCTS and 6 less abundant when compared to adher-
ent cells. From this they focused on calcium-activated chloride
channel regulator 1 (CLCA1) for further analysis. This protein
was found to be eightfold more abundant in MCTS compared to
adherently grown cells and has been implicated in a number of
biological process including cell–cell adhesion and apoptosis.[85]

Chloride channels have previously been implicated in ovarian
cancer–stroma interactions facilitating metastasis[86] and they
observed that siRNA knockdown of CLCA1 or chemical inhibi-
tion of chloride channels inhibited aggregation of MCTS in these
cell lines. From these findings they suggest that MCTS forma-
tion, and some aspects of cancer progression, may be dependent
on chloride channels. However, further research is required to
understand the importance of these results.
Dimethyl labeling combined with LC-MS/MS was employed

by He et al. (2014) to investigate global protein abundance in
U251 cells, a human glioma cell line, cultured as monolayers
or MCTS.[74] They were able to identify 363 differentially abun-
dant proteins between monolayers and MCTS with the major-
ity of these involved in metabolic processes, particularly gly-
colysis, which supports previous findings regarding the altered
metabolism in 3D culture.[87] Additionally, they highlight changes
in the abundance of proteins involved in antigen presentation
and proteasome function, which plays a vital role in antigen
presentation,[88] in MCTS. This includes human leukocyte anti-
gen E (HLA-E), a well-known ligand of CD94/NKG2A that in-
hibits natural killer cell function.[89] Its expression was further
investigated with western blot, supported by RT-PCR and FACS,
and found HLA-E to be significantly more abundant in MCTS
compared to monolayers which was reflected in greater resis-
tance of MCTS to NKmediated cytotoxicity in vitro and in animal
models.

4.1.3. Phosphoproteomic Analysis of MCTS

To reveal altered signaling pathways in MCTS, Yue et al. (2016)
used SILAC, couple with LC-MS/MS, to compare the phospho-
proteome of HT29 colon cancer cell lines grown in 2D or 3D cell
culture conditions.[90] They identified 2245 quantifiable proteins
with 225 showing increased abundance and 116 proteins with
decreased abundance in MCTS compared to monolayers. Addi-
tionally, they identified 801 quantifiable phosphoproteins with
73 upregulated and 236 downregulated in MCTS compared to
monolayers. This general decrease in phosphorylation rates ob-
served in MCTS is suggested to be indicative of slowed growth.
In particular, there was significantly altered phosphorylation of
proteins involved in proliferation, cytoskeletal regulation, apop-
tosis, migration, and cell adhesion[90] showing that both the pro-
teome and phosphoproteome are significantly altered in MCTS.
After extensive network analysis they observed that proteins and
phosphoproteins differentially abundant in MCTS compared to

monolayers were part of a complex network implicated in pro-
liferation, cell cycle, DNA repair, and DNA replication. Although
the importance of these findings is yet to be demonstrated, it is
precedence for phosphoproteomic analyses of MCTS being per-
formed with high levels of reproducibility.

4.1.4. Conclusion of Traditional Mass Spectrometry Techniques for
Analyzing MCTS

Traditional mass spectrometry techniques have proven to be a
valuable tool for characterizing the molecular underpinnings of
MCTS. In particular, they have identified many molecular dif-
ferences conferred by growing cells in 3D conditions which,
compared to monolayer culture, more closely replicates condi-
tions found within solid tumors. Specifically, mass spectrometry
techniques have revealed altered abundance of proteins involved
in metabolism, stress responses, survival, cell–cell and cell–ECM
interactions, decreased proliferation, and immune evasion. Ad-
ditionally, a number of proteins involved in MCTS formation it-
self have been identified. For example, the importance of chlo-
ride channels in MCTS formation in ovarian cancer.[76] Although
mass spectrometry has been able to elucidate the altered abun-
dance of proteins in these various MCTS contexts, further exper-
iments are required to determine the biological relevance of these
results. Mass spectrometry approaches toward analyzing MCTS
do, however, provide a powerful foundation for future research
into the molecular underpinnings of cancer progression.

4.2. Mass Spectrometry Techniques to Obtain Spatially Defined
Information from MCTS

Cellular heterogeneity and cell–cell contacts play a large role in
cancer progression and drug resistance.[91] With the advent of in
vitro models which replicate this heterogeneity, such as MCTS,
comes the need for analysis techniques which provide spatially
defined molecular information in a manner which maintains
the biologically relevant features of the model structure. This is
seen in MCTS which are heterogeneously organized 3D struc-
tures and, in the case of MCTS formed from dispersed cultured
cells, form three physiological layers as a result of oxygen, nutri-
ent, and waste gradients (Figure 1).[11] The different conditions
in different layers of the MCTS have significant influences on
the molecular and phenotypic nature of the cells[75]; however, the
mass spectrometry approaches described above have been lim-
ited to wholeMCTS analysis. Thismay result in a loss of informa-
tion, for example, high abundance proteins from the proliferative
or necrotic regionsmaymask lower abundance proteins from the
less translationally active quiescent region. This is of particular
importance when investigating the impact of therapeutic agents
on MCTS as therapeutic penetration and spatial accumulation of
the therapeutic is of great importance.[19]

4.2.1. Serial Trypsinization Followed by Mass Spectrometry

As discussed above (Section 4), serial trypsination is a method
which can provide spatially defined molecular information by
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separating the MCTS into solubilized layers. This is ideal for LC-
MS/MS analysis of different layers of the MCTS which can pro-
vide spatially defined information about peptide and PTM abun-
dance as well as penetration and accumulation of therapeutic
agents.
Serial trypsinization combined with LC-MS/MS has recently

been applied to investigate the effect of the epigenetic drug
UNC1999, a small molecule inhibitor of EZH1 and EZH2,[92]

in a colon cancer MCTS model.[93] EZH1 and 2 are the catalytic
subunit of the polycomb repressive complex 2[94] which controls
the di- and trimethylation of histone H3 lysine 27 (H3D27).[95]

Hypermethylation of this histone has been associated with can-
cer progression and identified as a possible therapeutic target.[96]

Previously, the MCTS model has been shown to better replicate
the epigenetic profile of primary cancer cells[97] making this a
strong platform for testing of epigenetic drugs. Serial trypsiniza-
tion followed by LC-MS/MS revealed vast differences in
methylation patterns between monolayers and MCTS. Interest-
ingly, there were also significant epigenetic differences between
the different layers of the MCTS highlighting the biological het-
erogeneity of the structure. They followed this with an investiga-
tion into the influence of UNC1999 and found significant epige-
netic changes, including a decrease in H3D27 trimethylation in
the outer two layers of the treated MCTS. They did not observe
this in the core component of the MCTS however, and attributed
this to incomplete penetration of the drug. Phenotypically, this
decreased H3D27 trimethylation in the treatedMCTS resulted in
decreased proliferation and deterioration of the MCTS structure
in many cases, showing the importance of epigenetics in MCTS
integrity.[93]

Serial trypsinization overcomes the spatial barriers to tradi-
tional mass spectrometry analysis of MCTS by separating the
structure into sequential layers. However, it requires extensive
optimization for each cell line. Although the above study has em-
ployed a number of techniques to confirm that theMCTS shrinks
by consistent volumeswith each trypsinization, this reproducibil-
ity has not been confirmed in terms of spatially definedmolecular
information.

4.2.2. MALDI Mass Spectrometry Imaging

An alternative approach to analyzing these structures in a spa-
tially relevantmanner is through the use ofMSI, typicallyMALDI
MSI. The technique uses a matrix which co-crystallizes with the
sample before directing a laser at a discrete region which facil-
itates ionization and sublimation. This produces a mass spec-
trum at each laser point which, when combined across a section,
can provide spatially defined identification and relative quantifi-
cation of analytes. This technique has been employed to investi-
gate a vast range of analytes such as peptides,[98] and drugs[99] in
MCTS. MALDI MSI also has the potential to investigate a num-
ber of PTMs, such as glycosylation[100] and has been widely uti-
lized to investigate PTM profiles across tissue sections. While
serial trypsination followed by LC-MS/MS has been utilized to
investigate PTMs in MCTS,[101] this is yet to be performed using
MALDI MSI.
In addition to providing spatially defined molecular infor-

mation, MALDI MSI also has the advantages of being able to

analyze multiple samples during one run (such as with a tissue
microarray [TMA]) and to investigate hundreds of molecules in-
cluding those from different classes (e.g., peptides and PTMs) in
a single experiment.[102]

However, compared to other mass spectrometry approaches,
MALDI MSI has lower sensitivity resulting from interference
from the matrix and the small amount of material analyzed at
each laser point.[103] While fractionation techniques can be used
in conjunction withMALDI, this is not the case withMALDIMSI
performed on tissue sections, which further reduces the sensitiv-
ity of the technique.[103] The complexity of the samples inMALDI
MSI also impedes identification of biological analytes. Typical
identification techniques include peptidemass fingerprinting[104]

and sequencing via tandem MS,[105] both of which require iso-
lation of the analyte. As a result, complementary mass spec-
trometry analyses, such as LC-MS/MS, are often required for
accurate analyte identification. However, the advent of more
sensitive MALDI MSI techniques, such as FT-MS, hold poten-
tial for direct identification of biological analytes on tissue.[106]

AlthoughMALDIMSI investigating peptides has been applied to
the MCTSmodel, it is more commonly used to trace the penetra-
tion of pharmaceutical compounds within the structure as their
chemical structure andmolecular weight are known and are gen-
erally distinct from intrinsic analytes.
The first MALDI MSI investigation of MCTS was performed

by theHummon group in 2011[98] who investigated protein abun-
dance in MCTS, derived from the colon cancer cell line HCT116,
using MALDI MSI. By embedding the MCTS in gelatin followed
by cryosectioning, they were able to perform MALDI MSI on
these structures and demonstrated visualization of a number of
proteins through consecutive sections. Some of these were local-
ized to specific regions of the MCTS structure, specifically the
necrotic core and proliferative outer layer. They performed pro-
tein identification by solubilizingMCTS, performing 1D gel elec-
trophoresis and analyzing specific bands with LC-MS/MS before
confirming protein identifications by comparing themass identi-
fied by LC-MS/MS with them/z values seen in the MALDI MSI.
Through this process they were able to identify cytochromeC and
histone H4 and map their distribution.
In addition to proteins and drugs, MALDI MSI is also able

to analyze other biological molecules such as lipids[107] and
glycans.[108] Hiraide et al. (2016) usedMALDIMSI to characterize
the lipid profile of primary tissue derived colon cancer MCTS[107]

and identified high expression of a lipid mass on the periphery
of the MCTS. Laser capture microdissection (LCD) of the outer
regions of the MCTS followed by LC-MS/MS was used to iden-
tify this mass as phosphatidylinositol (18:0/20:4). This phospho-
lipid can be converted to phosphatidylinositol 3,4,5-trisphosphate
which triggers the Akt pathways and consequently activates vari-
ous tumor promoting processes.[109] Interestingly, this phospho-
lipid was not observed in MCTS formed from cultured cell lines
which they suggest is due to heterogeneity of cancer cells within
the primary tumor which would not be present in the highly ho-
mogenous cell lines.[110]

MALDI MSI was also utilized by Liu and Hummon (2016)
to investigate the penetration of the platinum based chemother-
apy, oxaliplatin. They performed an on tissue chemical deriva-
tization using diethyldithiocarbamate to overcome platinum’s
low ionization efficiency in MALDI MSI.[111] They observed an
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accumulation of platinum in the periphery and the core of
the MCTS, as has been observed previously by LA-ICP-MS.[112]

However they were also able to identify an inactive methion-
ine bound metabolite localized to the core of the MCTS show-
ing that MALDI can provide additional information about drug
penetration into MCTS with appropriate sample preparation.
They suggest that the localization of the inactive metabolite to
the necrotic core is a product of increased detoxification in this
area or an expulsion of this product from the quiescent layer.
This quiescent layer is consistently devoid of platinum based
chemotherapeutics,[99,111–113] despite complete penetration of the
drugs, suggesting that these cells possess detoxification or drug
efflux mechanisms.
Recently Lukowski et al. (2017)[114] have employedMALDIMSI

to investigate the penetration of doxorubicin encased in a lipo-
somal envelope in the first experiment of its kind. Liposomes
are phospholipid structures which have low toxicity, can enhance
drug delivery, and reduce clearance of the drug from the body.[115]

Comparing penetration of free and liposome encased doxoru-
bicin into the MCTS formed from the colon cancer cell line
HCT116, they did not observe a significant difference in penetra-
tion efficiency. However, an increased accumulation of the free
drug at the outer layers of the MCTS was observed at an earlier
stage, suggesting that there is a delayed release of the drug from
the liposome.
To further the pursuit of revealing spatially defined molecu-

lar information in MCTS, we have performed MALDI MSI on
ADS, grown from primary ovarian cancer cells in what is, to
the best of our knowledge, the first ever analysis of its kind per-
formed on ADS. Ovarian cancer cells were isolated from the as-
cites (patient 1 (serous ovarian carcinoma, stage 3C)), and main-
tained as monolayers before being grown as ADS as per Li et al.
(2011)[98] except polyHEMA coated plates were used in place of
agarose during ADS formation. These structures reached a di-
ameter of approximately 600 μm after 9 d in culture after which
they were formalin fixed and paraffin embedded (FFPE). In brief,
ADS were isolated via centrifugation and washed in PBS before
adding matrigel to encase the structures. Following incubation
at 37 °C for 4 h, a 1 h formalin fixation was performed. This was
followed by a shortened processing, to maintain ADS integrity,
before they were embedded in paraffin and sectioned at 6 μm
thickness onto indium tin oxide (ITO) (Bruker Daltonics, Bre-
men, Germany) conductive glass slides for MALDI MSI analy-
sis. These sections were then prepared for MALDI imaging as
previously described.[116] Briefly, following deparaffinization and
citric acid antigen retrieval (10 mM citric acid, pH= 6), ADS sec-
tions were digested with trypsin gold (Promega, Madison, WI),
followed by incubation in a humidified chamber at 37 °C for 2 h.
Internal calibrants[117] and α-cyano-4-hydroxycinnamic acid ma-
trix (CHCA, Bruker Daltonics) was then overlayed onto the ADS
section using an ImagePrep station (Figure 2).
Mass spectra were acquired using an UltrafleXtreme MALDI-

TOF/TOF instrument (Bruker Daltonics) with FlexControl (ver-
sion 3.4) and FlexImaging software (version 4.0) in positive re-
flectron mode. The data was acquired at 50 μm lateral resolution
with a laser frequency of 2 kHz over anm/z range of 800–4500Da
(Figure 2). Following data acquisition, CHCA matrix was re-
moved using 70% ethanol before the ADS sections were
H&E stained and scanned using a Nanozoomer (Hamamatsu,

Figure 3. MALDI MSI analysis of peptide abundance in untreated ascites
derived cancer spheroids. Specific m/z values, which correlate with dis-
tinguished regions of the ADS, were identified: A) H&E stain of ADS. B)
m/z=911.433. C) m/z=1106.599. D) m/z=1923.97

Shimadzu) (Figure 3). The spatial distribution of peptides was
visualized using SCiLS lab software (version 2016a, GmbH, Bre-
men, Germany) in the form of ion intensity maps.
Using this approach, we were able to identify more than

200 m/z values that were unique to the ADS structure. Of these,
we identified 15 m/z values whose intensity correlated with dis-
criminative regions of the structure (proliferative, quiescent, and
necrotic layers). We predict that this represents region specific
protein abundance (Figure 3).
These preliminary experiments show that MALDI MSI can be

effectively applied to ADS. However, this is with the caveat that
these cells were maintained as monolayers before being encour-
aged to grow as 3D structures, which is expected to not accurately
replicate pathological ADS. Into the future we aim to apply these
techniques to a broader patient cohort, to investigate drug pene-
tration in this context and to utilize this platform to investigate
the molecular underpinnings of cancer progression and chemo
response.
The techniques described above allow for spatially defined elu-

cidation of analytes present in solubilized fractions of the MCTS
or across slide mounted sections. Despite the limitations inher-
ent with each of these techniques they have provided relevant in-
formation about protein expression, phospholipids, metabolism,
and drug distribution in a spatially defined manner. Finally we
have presented, for the first time, a MALDI MSI approach to in-
vestigate peptide abundance in aggregates formed from ascites
derived primary ovarian cancer cells.

5. Outlook for Mass Spectrometry of Ovarian
Cancer ADS

MCTS are typically used as a model of avascularized tumors,
however, ovarian cancer is characterized by the presence of
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spherical structures[45] suspended in ascites within the peritoneal
cavity (ADS).[46,47] These structures represent an easily accessible
source of primary cancer samples, which can provide informa-
tion about a patient’s individual disease. Ovarian cancer is char-
acterized by initial response to chemotherapy[118] with high rates
of relapse (above 50% within 5 years[119]). In addition to their
role in metastasis,[120] ovarian cancer ADS have been shown to be
more resistant to chemotherapy than monolayers in vitro[121,122]

and therefore represent a chemo-resistant niche which can be the
source of recurrence after chemotherapy.
The proteomic analysis of primary samples has the potential to

provide vast amounts of information about progression, metasta-
sis, and chemo response in this deadly gynecological malignancy.
This represents an avenue to understanding the molecular un-
derpinnings of a patient’s individual disease facilitating a person-
alized approach to treatment and management of the disease.
In the pursuit of personalized cancer treatment, malignant as-

cites represent an easily accessible source of samples for the in-
vestigation of prognostic and predictive markers. Through anal-
ysis of the secretome of malignant ascites by 2D-DIGE cou-
pled with MALDI MS, Huang et al. (2013)[123] found the protein
ceruloplasmin to be significantly increased in the ascites of pa-
tients resistant to the first line treatment with platinum based
chemotherapy. The identification of biomarkers which can pre-
dict chemotherapy response holds great potential for improving
patient outcomes. However, this approach is yet to be applied
to ovarian cancer ADS themselves despite predictions that these
structures play a key role in the high rates of chemo resistance
observed in this disease.[121,122] In addition to improving patient
outcomes and reducing side effects, effectively predicting that a
first line chemotherapy will be ineffective can facilitate the use of
second line chemotherapies providingmuch needed information
about the clinical effectiveness of these compounds.

6. Conclusion

Despite their discovery more than 40 years ago, MCTS models
have only recently emerged as a powerful platform for in vitro re-
search and drug testing. They have repeatedly been shown to bet-
ter replicate and represent the avascularized tumors compared
to the same cells grown as monolayers in regard to gene expres-
sion, antigen expression, proliferation, hypoxia, nutrient, waste,
and gas diffusion gradients.[3–9,26,27,124–127]

The application of mass spectrometry analysis techniques to
this biological model promises to provide new insight into can-
cer progression and treatment response. This includes identi-
fication of altered metabolism, cell–cell interactions and cell–
ECM connections as well as antigen expression.[9,10,71,74,76,90,128]

Although additional techniques are required to complement
proteomics analysis of these structures, it represents a pow-
erful foundation from which novel cancer research can be
developed.
Recently, MSI has been used to investigate spatially defined

peptide expression and drug penetration in MCTS.[99,111,113,129,130]

The ability to image therapeutics and molecules in a spa-
tially defined way provides a window into solid tumors and
their response to therapy. This has the potential to lead to a

better understanding of cancer progression, pharmacokinetics,
and the role of heterogeneous cell population in response to
treatment.
In the context of ovarian cancer, being able to investigate

the molecular underpinnings of a patient’s individual disease
in a rapid and informative manner through mass spectrom-
etry analysis of ADS represents an avenue toward person-
alized cancer therapy. This platform has potential to iden-
tify effective treatments and/or molecular markers, which pre-
dict response to treatment. Personalized therapy is the way
of the future for cancer treatment[131] and in particular in
ovarian cancer, which is characterized by high recurrence
rates and drug resistance, highlighting the need for better
methods to inform appropriate treatment to improve patients
outcome.
The development of novel and more sophisticated mass spec-

trometry techniques, including MSI, and their applications and
implementation in clinical laboratories, will contribute signifi-
cantly to making personal medicine a reality.
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Abstract: The development of novel anti-cancer compounds represents an essential step in improving outcomes 1 
for patients. However, promising results in an in vitro setting often do not translate into effective patient 2 

treatment largely owing to in vitro models poorly replicating the in vivo environment. The multicellular tumour 3 
spheroid (MCTS) model seeks to overcome this issue in ovarian cancer by replicating several features of the solid 4 

tumour including inhibited penetration of some anti-cancer compounds. As the effectiveness of anti-cancer 5 
compounds is closely linked to its ability to reach all cells within the solid tumour, effective measurement of 6 

drug penetration into an in vitro model which replicates solid tumours represents an important step in 7 
demonstrating a novel compounds effectiveness. Here we utilise a novel sample preparation and MALDI mass 8 

spectrometry imaging approach to measure the penetration of a novel CDK4/6 inhibitor, CDDD2-94, into MCTS 9 
formed from ovarian cancer cells. Through this we demonstrate that this small molecule effectively penetrates, 10 
and accumulates, in the centre of the spheroid after 48 hours of exposure. This represents a powerful platform 11 
for relative quantification of drug penetration into a biologically relevant model of solid ovarian carcinomas.  12 

 13 

6.1. Introduction 14 

For anticancer drugs to be effective they need to penetrate into the tumour mass and reach all 15 

tumour cells within [497]. Solid cancers, because of their rapid proliferation, distance themselves 16 

from vasculature resulting in significant barriers to drug delivery and efficacy. Increased 17 

tortuosity, restricted diffusion, high interstitial pressure, and acidic environmental pH can impact 18 

on drug delivery while hypoxia and other microenvironmental features influence cell death 19 

responses [498, 499].  20 

Despite this, most studies on novel anticancer compounds are performed in two-dimensional cell 21 

culture, where high throughput analyses are easily performed [500], but numerous features of a 22 

solid tumour are not replicated. To overcome this, multicellular tumour spheroids (MCTS) have 23 

been employed extensively to investigate multiple features of cancer as they replicate several 24 

features of solid tumours [498, 499]. This in vitro model was first utilised in the 1980s [386] and 25 

has been used extensively in recent years to test a range of novel anti-cancer therapies [379, 498, 26 

501, 502]. 27 

Novel anticancer compounds which target molecular features of cancer have seen great interest in 28 

recent years [503]. However, while several are seen to be effective in vitro, significant reduction 29 

in effectiveness has been observed in in vivo and clinical settings [504]. The reasons for this are 30 

complex but, one contributing factor is inhibited penetration of molecular targeted treatments.  31 

A recent publication investigated the penetration of a high molecular weight (mW) compound, 32 

DARPin-LoPE, which targeted HER2 [505]. This compound demonstrated cytotoxicity in two-33 

dimensional cell culture of HER2 positive cells [506]. However, this compound only penetrated 34 

the outer layer of an ovarian cancer adenocarcinoma spheroid, while doxorubicin, a low mW anti -35 

cancer compound, was seen to penetrate the entirety of the spheroid [505]. This correlated with 36 

significantly reduced anti-cancer activity of DAPRin-LoPE in HER2 positive spheroids compared 37 

to the same cell line grown in two-dimensional cell culture [505]. 38 

While complete penetration of a drug into a target tissue is essential for its efficacy, tracing the 39 

penetration into MCTS can represent a technical challenge. The paper discussed above utilised 40 

FITC labelled compounds to investigate penetration by microscopy, but such labelling has the 41 

potential to alter the action of the compound or impact its ability to enter the cell. Further, it 42 
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increases the mW of the compound which could be expected to reduce its penetration into a three-1 

dimensional structure. 2 

Here we have overcome this by utilising MALDI mass spectrometry imaging (MSI) to trace the 3 

penetration of a novel anti-cancer compound, CDDD2-94 [507], in ovarian cancer spheroids 4 

(Figure 4). The technique uses a matrix which co-crystallises with the sample before directing a 5 

laser at a discrete region facilitating ionisation and sublimation and results in a mass spectrum at 6 

each discreate location. When these mass spectra are analysed across a tissue section, they can 7 

provide spatially defined identification and relative quantification of analytes, including low mW 8 

anti-cancer compounds such as CDDD2-94.  9 

CDDD2-94 is a 443.24Da small molecule inhibitor of cyclin independent kinase (CDK) 4 and 10 

CDK6, which has previously demonstrated efficacy against cancer cell growth [507]. CDK4 and 11 

CDK6 are essential proteins in the cell cycle which regulate the transition between G1 and S phase 12 

[508]. Treatments which inhibit CDK4/6 result in G1 cell cycle arrest [247] and inhibitors have 13 

been approved by the FDA for the treatment of metastatic breast cancer [509]. Despite the clinical 14 

success of this treatment approach in breast cancer, it has only been applied to a small number of 15 

other cancers, and its efficacy has not been comprehensively investigated in gynaecological 16 

cancers [508]. 17 

Here we present MALDI MSI data tracing the penetration of 2-94 into OV90 ovarian cancer 18 

spheroids derived from a poster presented at the 2017 Lorne Proteomics Symposium (Appendix 19 

X). OV90 spheroids were generated in culture and treated with 2-94 before being gelatine 20 

embedded, sectioned, and analysed using MALDI MSI. We observed time dependent penetration 21 

and accumulation of CDDD2-94 into the core of the spheroid section. This demonstrates 22 

techniques for the MALDI-MSI analysis of drug penetration of novel anti-cancer compounds into 23 

cancer spheroids and sets the foundation for further analysis of these compounds in this 24 

biologically relevant platform. 25 

6.2. Methods and Materials 26 

6.3.1. PolyHEMA Coating 27 

PolyHEMA (Sigma-Aldrich) was prepared by adding 30mg/mL to 95% ethanol and incubating 28 

overnight at 37◦C on a rotating platform in the dark. 50uL of this solution was added to each well 29 

of a 96 well round bottom plate (Corning) and left to dry with the lid off in a tissue culture hood 30 

with the fan, light, and UV off for 72 hours. Plates were then stored at 4◦C for less than 3 months 31 

before use. 32 

6.3.2. Culturing OV90 Spheroids: 33 

OV90 cells were purchased from ATCC and used within 10 passages. They were cultured in RPMI 34 

media with 10% FCS and 1% penicillin/streptomyocin. Once confluent they were transferred to 35 

PolyHEMA coated 96 well, round bottom plates at 4x106 cells per well. After 6 days one defined 36 

sphere formed in each well and was treated with the compound of interest. 37 
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6.3.3. CDDD2-94 Treatment 1 

CDDD2-94, dissolved in DMSO, was prepared in RPMI media for a final treatment concentration 2 

of 5μM. For controls, an equal volume of DMSO alone was mixed with RPMI and added to cells. 3 

Spheroids were harvested after 8, 24 and 48 hours of treatment. 4 

6.3.4. Gelatine Embedding and Sectioning 5 

Spheroids were extracted from the well using a P100 pipette with the tip cut. Multiple spheroids 6 

from the same treatment group (5-10) were collected in a single Eppendorf tube and isolated in the 7 

bottom of the tube by a 5 second spin in a microcentrifuge. The media was removed, and spheroids 8 

were washed twice with PBS. Spheroids were collected in a P100 pipette with the tip cut off and 9 

placed onto a thin metal spatula. Paper tissue was used to carefully remove as much surrounding 10 

PBS as possible before spheroids were embedded in gelatine. 11 

Gelatine was prepared at 350mg/mL and kept at 60◦C on a heating block. 1mL of gelatine was 12 

added to the bottom of a 24 well plate well. The spatula with spheroids sitting on it was quickly 13 

dipped in the gelatine and the spheroids were transferred. An additional 500μL of melted gelatine 14 

was added to the top and allowed to solidify at room temperature. These gelatine blocks were then 15 

frozen at -80◦C overnight before sectioning but could be stored for extended periods of time at -16 

80◦C. 17 

Frozen gelatine blocks containing spheroids were removed from their wells and mounted in a 18 

cryotome at -20◦C. They were carefully sectioned at 5μM thickness onto glass slides and spheroid 19 

completeness was checked on a microscope. Once a spheroid was identified a full section was 20 

placed onto an ITO slide for subsequent MALDI-MSI analysis while consecutive sections were 21 

placed onto glass slides and underwent H&E staining [510]. 22 

6.3.5. MALDI-MSI Data Acquisition 23 

Teach marks were applied to each corner of the ITO slide using a Tipp-Ex water based white out 24 

before scanning at 2400dpi (CanoScan 5600 F, Canon, Thailand). Following this, the matrix was 25 

applied to the tissue using an ImagePrep station (Bruker Daltonics) (20mg/mL 2,5-26 

Dihydroxybenzoic acid (DHB), 0.1% trifluoroacetic acid (TFA), 1mM NaCl). Data was then 27 

acquired using a UltrafleXtreme MALDI TOF/TOF instrument (Bruker Daltonics) (This process 28 

is described in detail in M. Acland (2022) (Under Review)). 29 

6.3.6. MALDI-MSI Data Analysis 30 

Once MALDI data was acquired, the slide was scanned at 20X objective using a Nanozoomer and 31 

Fleximaging software was used to co-register the identified spheroid regions with the MALDI 32 

spectra. The data was then imported into the SCiLs lab software and the m/z relating to CDDD2-33 

94 (443.23Da) was selected to visualise the spatial distribution of our compound of interest. (This 34 

process is described in detail in Chapter 2)). 35 
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 1 

Figure 4: Workflow for MALDI MSI analysis of ovarian cancer MCTS. (A) OV90 cells are plated in 2 

polyHEMA coated, 96 well, round bottom plates at 4x104 cells/well. (B) After 6 days in culture solid 3 

MCTS have formed. (C) MCTS are treated with 5μM of CDDD2-94. (D) After 2 days of treatment MCTS 4 

are harvested and embedded into gelatine. (E) Gelatine blocks are sectioned onto ITO slides. (F) DHB 5 
matrix is deposited onto gelatine sections containing MCTS. (G) Data was acquired on the UltrafleXtreme 6 

(Bruker) MALDI instrument. 7 

6.3. Results 8 

MALDI-MSI analysis of the analyte relating to CDDD2-94 (443.23m/z) identified varying levels 9 

of penetration of the compound into the spheroid over the treatment time course (Figure 5). In 10 

untreated spheroids this analyte was not present. After 8 hours it can be visualised at the outer edge 11 

of the spheroid while at 24 hours it has penetrated the centre of the structure. After 48 hours we 12 

observed a significant accumulation of the analyte in the centre of the structure. 13 
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 1 
Figure 5: MALDI MSI analysis of OV90 spheroids targeting the analyte at 443.24 Da which relates to the 2 

small molecule inhibitor of CDK4/6; CDDD2-94. The top row represents haematoxylin and eosin staining 3 

of OV90 Spheroids while the bottom row is consecutive sections of the same spheroid analysed by MALDI 4 
MSI. (A) Untreated control, (B) after 8 hours of treatment CDDD2-94 is seen to penetrate the entire 5 

spheroid, (C) after 24 hours 2-94 begins to accumulate in the centre of the spheroid, (D) after 48 hours 6 

CDDD2-94 has accumulated in the spheroids core. 7 

 8 

6.4. Discussion 9 

Here we present data, which demonstrates our ability to trace the penetration of a novel anti-cancer 10 

compound into ovarian cancer spheroids using MALDI-MSI. This versatile method has potential 11 

for broader use as part of anti-cancer drug screening processes for tracing the penetration and 12 

accumulation of the compound in the biologically relevant MCTS model. 13 

MALDI-MSI can visualise analytes across a wide mass range which has the potential to identify 14 

metabolic products of the compound in question. This includes active and inactive forms of the 15 

compound reflecting metabolism and inactivation processes in the cell respectively. Further, 16 

analytes relating to biological molecules, including proteins and metabolites, can also be identified 17 

with MALDI-MSI. This holds the potential to simultaneously visualise drug accumulation, 18 

metabolism/inactivation, and biological impact on the same tissue section.  19 

This has been recently demonstrated by X. Tian, et al (2019) who investigated the metabolomic 20 

profile of HCT-116 colorectal cancer spheroids treated with irinotecan using a novel single probe 21 

MSI approach [511]. Through the application of machine learning algorithms, they demonstrated 22 

that they could divide MS signals into three distinct groups: outer layer, inner layer and background 23 

and use this approach to investigate altered metabolomic profiles in response to irinotecan 24 

treatment. 25 
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While MALDI-MSI investigations of MCTS, and their treatment with novel anti-cancer 1 

compounds, holds great potential there are several challenges which have prevented the 2 

widespread use of this technology. This includes difficulty in handling samples, limited resolution 3 

and mass accuracy of the technique compared to other MS approaches and the limited range of 4 

masses which can be investigated using this technique. 5 

While MALDI-MSI is a versatile technique which can provide spatially defined molecular 6 

information, its application to MCTS is hampered by its limited resolution. In the above data we 7 

used a 50μm raster size which we have optimised to be as small as possible while still providing 8 

sufficient molecular information. However, in a spheroid which is, at most, 1mm in diameter, this 9 

limits the spatial details that we can acquire from this section. 10 

Finally, due to the application of low molecular weight matrix to facilitate the ionisation and 11 

sublimation required for MALDI-MSI, there is significant interference in particular mass ranges 12 

depending on the matrix of choice. This can be overcome to some degree by selecting the 13 

appropriate matrix for purpose but prevents a truly holistic investigation of multiple classes of 14 

molecules on the same section. 15 

Here we present a method for MALDI-MSI analysis of drug penetration into MCTS which has 16 

potential as part of novel drug testing platforms. This versatile technique could feasibly be used to 17 

incorporate the investigation of multiple molecular classes, including metabolites, drugs, drug 18 

products and proteins, on a single tissue section. However, challenges in sample preparation, image 19 

resolution and MS sensitivity remain significant barriers to the employment of MALDI-MSI in 20 

MCTS drug testing platforms more widely 21 

 22 
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6.1. Supplementary File 1 

 2 

Supplementary Figure 1: Poster presented at the 2017 Lorne Proteomics Symposium. 3 

 4 

 5 
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7. Discussion 1 

Ovarian cancer is a complex and multifaceted disease which has, over the last four decades, 2 

resisted concerted efforts by the medical and scientific community to improve patient outcomes  3 

[209]. HGSOC, as the most common epithelial ovarian cancer, and the deadliest gynaecological 4 

malignancy, remains a major target of scientific investigation [2]. 5 

Here we present a comprehensive MS based investigation of the molecular features and 6 

characteristics of HGSOC. We focused our investigation on three key aspects of its HGSOC: 7 

precancerous development, resistance to standard CBP treatment, and the role of MCTS in 8 

malignant progression. Through the development of specialised samples preparation and MS 9 

techniques to investigate these key aspects of HGSOC, coupled with the identification of important 10 

proteins, metabolites and signalling pathways which underpin these events, this research sets the 11 

foundation for a greater understanding of the molecular features of HGSOC development, response 12 

to treatment and malignant progression.  13 

7.1. Technical Limitations 14 

MS based approaches have the power to identify, and relatively quantify, molecular features of 15 

ovarian cancer. This results in unbiased data, without the need for preselected molecular targets, 16 

which provides a deep coverage of the molecular class of interest. While proteomics remains the 17 

most employed MS based technology for investigating cancer, metabolomics and MSI are 18 

establishing themselves as powerful complimentary techniques. The flexibility of MS based 19 

technology to investigate multiple classes of molecules has the potential to provide a 20 

comprehensive picture of the molecular landscape of ovarian cancer. 21 

However, the MS based investigation of HGSOC, and cancer in general, have several 22 

shortcomings and face challenges for their broad application into the future. This includes 23 

technical challenges, in sample preparation, data acquisition, data analysis and translating MS data 24 

into biologically relevant information. 25 

7.1.1 Molecules with Diverse Chemical Properties 26 

 27 

MS analysis required significant sample preparation steps to ensure that the sample is fractionated 28 

and able to be ionised; two essential steps in MS data acquisition [512]. This poses significant 29 

challenges in the measurement of molecules with diverse chemical properties. For example, it is 30 

very challenging to measure highly hydrophobic and highly hydrophilic molecules in a single 31 

experiment and, as a result, some proteins may be impossible to quantify by MS [513]. This is 32 

further exemplified in MALDI MSI which relies on interaction between the analyte and a matrix 33 

for effective ionisation and sublimation required for the acquisition of MS data with this technique. 34 

The challenge associated with analysing molecules with diverse chemical properties is also seen 35 

in the MS based analysis of the metabolome.  36 

MS based analysis of the metabolome faces challenges largely owing to the diverse range of 37 

chemical properties within the metabolome. While there are a diverse range of sample preparation 38 



85 

 

approaches to capture metabolites with different chemical features, there is no single method 1 

which can capture and analyse the entire metabolome at once [422]. 2 

7.1.2 Data Acquisition 3 

One shortcoming which is common across MS analyses is that of ion suppression. This is a 4 

phenomenon where competition for ionisation efficiency in the ion source results in incomplete 5 

ionisation of some analytes. This results in the detected abundance being less than the absolute 6 

abundance and, in the case of already low abundance analytes, can result in the an analyte not 7 

being detected [512]. This is addressed through the, now standard, use of chromatography 8 

fractionation of the sample (as described above) to reduce complexity of the sample entering the 9 

ion source at any discrete time. 10 

The major advantage of MALDI MSI is the ability to directly analyse samples in a spatially defined 11 

manner, such as tissue sections. However, this direct analysis without pre fractionation results in 12 

a less comprehensive analyte pattern challenged by multiple limitations including ion suppression 13 

[514, 515]. This is the major reason why MALDI MSI is not routinely used for comprehensive 14 

investigation of biological analytes. Instead, this technique can be effectively utilised for detection 15 

of a target molecule, such as a therapeutic agent, within a tissue section [516]. 16 

7.1.3 Identification of Molecules of Interest 17 

MS analysis provides tens of thousands of data points reflecting the mass to charge ratio of analytes 18 

However, there are significant challenges in utilising this data to achieve confident identification 19 

of biological molecules. In the case of proteomics, this is further complicated by the 20 

incompatibility of full-length protein analysis on most MS platforms. To overcome this, proteins 21 

are treated with enzymes to digest them into peptides, most commonly using trypsin and lysozyme 22 

C. To fully characterise these peptides, tandem MS is employed. During this analysis selected 23 

peptides undergo further fractionation and subsequent MS analysis giving rise to amino acid level 24 

resolution, providing the sequence of the peptides. This requires complex data bases of known 25 

proteins and known fractionation patterns to accurately identify proteins. Progress in this space 26 

has been phenomenal and proteomics experiments now produce robust, reproducible, and 27 

standardised data [517].  28 

While metabolites are typically much smaller than proteins, and do not require digestion, there is 29 

the further challenge of common metabolites having several isotopes with identical mass to charge 30 

ratios but significantly different structures, and subsequently, significantly different biological 31 

functions. As a result, it has been estimated that less than 2% of MS peaks observed in an 32 

untargeted MS metabolomics experiment are accurately identified [518]. This issue is further 33 

exacerbated by metabolomics data bases for identification from mass spectra being in their infancy 34 

in comparison to those for proteomics. These issues can be overcome through the use of reference 35 

standards spiked in during a metabolomics experiment [519]. However, this is a laborious process 36 

and is limited by the number of reference standards available for use. As a result, a standard 37 

metabolomics experiment identifies hundreds of metabolites from a human cell lysate while there 38 

are more than 100,000 predicted, expected and known human metabolites [420]. 39 
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7.1.4 Deriving Biological Meaningful Data from Mass Spectrometry Data 1 

A standard global MS based proteomic experiment can routinely identify and quantify over 5,000 2 

proteins from a single sample. Translating this wealth of data into meaningful biological insights 3 

represents a major challenge and has been a limiting factor in the translation of proteomic 4 

investigations into biological insights and clinical impacts. When MS technology first facilitated 5 

the comprehensive investigation of a cellular proteome it was with the aim of identifying 6 

differentially abundant proteins of interest which were subsequently validated by other techniques, 7 

most commonly western blots. In modern proteomics investigations this has advanced to allow 8 

hypothesis generation and functional interpretation of proteomics results as explored throughout 9 

this thesis. 10 

Primarily this is performed through the application of enrichment analysis where proteins 11 

differentially identified, or differentially abundant, between samples are associated with particular 12 

pathways to identify enriched pathways within the sample [520]. Shortcomings of this approach 13 

include the requirement for extensive data bases of proteins and their associated pathways to be 14 

developed for bioinformatic analysis. While there has been a concerted effort to achieve this in the 15 

case of proteomics over the last decade, similar data bases for metabolomics are in their infancy 16 

representing a barrier to understanding the biological relevance of metabolomic perturbations 17 

identified through MS analysis. 18 

Further, as discussed above, identifying differentially abundant proteins is not sufficient to 19 

characterise the full complexity of molecular features of the cell. This represents a major barrier 20 

to functional analysis of MS data sets as a true picture can only be gained through the combination 21 

of several data sets including proteomics, metabolomics, genomics and the investigation of a range 22 

of post translational modifications [520]. More recently, the study of protein-protein interactions 23 

(interactomics) and proteolytic processing of proteins to create new isoforms (degradomics) have 24 

received greater attention and represent another layer of complexity to unravelling the molecular 25 

landscape of the cell or of disease [520]. 26 

In its current state, bioinformatics analyses face many challenges in combining the data from all 27 

these disparate sources to create an accurate and comprehensive picture of the molecular features 28 

of a cell or disease state. Overcoming this requires the development of extensive data bases and 29 

complex analysis platforms in conjunction with extensive meta-analysis of large numbers of 30 

studies to extract biologically meaningful information from this wealth of data. 31 

7.2. Implications of the Paradigm Shift in the Origin of Ovarian Cancer 32 

First proposed in 2001, when dysplastic changes were observed in the fallopian tubes of women 33 

predisposed to developing ovarian cancer [100], that STIC represents the major precursor lesion 34 

of HGSOC is now widely accepted [75, 100, 521-523]. As discussed above, the demonstration that 35 

HGSOC arises from STIC in most cases [120, 121], and other precursors derived from the fallopian 36 

tube epithelium  [122], represents a major paradigm shift in our understanding of the development 37 

of HGSOC. This goes some way to describe the striking difference in disease progress and 38 

treatment response observed between HGSOC and other cancers of the ovary [92]. This has 39 

implications for early detection, treatment, and our understanding of HGSOC development.   40 



87 

 

Despite the potential for MS to achieve molecular characterisation of precancerous lesions of 1 

HGSOC, there remain challenges in translating this into improved early detection and improving 2 

patient outcomes. This includes acquiring appropriate patient samples, accurately identifying the 3 

precancerous tissue regions, acquiring sufficient biological material for analysis, and correlating 4 

biological data from these lesions to cancer progression or clinical outcomes. In Chapter 3 we 5 

sought to overcome some of these challenges by performing global proteomic analysis on STIC 6 

derived from a patient without synchronous HGSOC. This type of sample is relatively rare, and 7 

our investigation provided novel molecular information about precancerous lesions in the early 8 

stages of their development. This has the potential to provide the foundation for deeper 9 

understanding of the early stages of STIC and how they transition from benign lesions in the 10 

fallopian tube into a deadly cancer. However, the small sample size and low protein identification, 11 

owing to the small amount of biological tissue available, makes it difficult to draw broad 12 

conclusions from this data alone. In Chapter 2 we outlined advances in sample preparation, LC-13 

MS/MS and MALDI-MSI methodology which we hope to see utilised to effectively investigate 14 

these samples into the future. More recent work by Eckert, et al. (2019), combining similar sample 15 

preparation methodology with advanced LC-MS/MS technology, resulted in the identification of 16 

over 6000 proteins from STIC samples containing as little as 5000 cells [524].   17 

One of the challenges relating to acquiring appropriate patient samples is the observation that many 18 

STIC identified in patients with established HGSOC represent metastatic implants rather than true 19 

precursor lesions [525]. This suggests that investigation of STIC in the absence of synchronous 20 

HGSOC is required to be confident of direct investigation of HGSOC origins. With this in mind, 21 

a multi-centre study was performed on 479 women with BRCA1/2 mutations who underwent 22 

bilateral risk reducing salpingo-oophorectomy [526]. This identified STIC in 11.9% of patients 23 

but did not identify any significant relationship between the presence of STIC and subsequent 24 

development of HGSOC. They hypothesise that this may be due to not all STIC developing into 25 

HGSOC, a theory which is supported by the observation that multiple, clonally independent, STIC 26 

lesions are often identified in an single patient [527]. In our own research it is also unclear if the 27 

STIC analysed in chapter 3 would go on to become HGSOC nor is there a reliable approach to 28 

predict this.  29 

Another challenge to acquiring appropriate HGSOC precancerous samples is that STIC, and 30 

particularly their precursor, P53 lesions, are not  easily identifiable, even by experienced 31 

pathologists and despite the advent of diagnostic criteria [528]. This was reflected in the 32 

multicentre study referenced above [526], which showed that extensive sampling of fallopian tubes 33 

identified double the number of STICs than identified by standard pathology sampling. We 34 

attempted to overcome this through annotation by an experienced pathologist , however, as 35 

described in the above publication [526], there is the potential for misidentification, or under 36 

identification, of STIC in these samples. In Chapter 2 we described a MALDI MSI based 37 

investigation of these samples to provide spatially defined molecular information. Through 38 

comparison of these samples, we identified over 70 analytes which were distinct between 39 

precancerous and healthy tissue representing preliminary results towards a MALDI MSI based 40 

identification of precancerous tissue in this context. Our lab has previously demonstrated the 41 
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efficacy of this approach in delineating between cancerous and non-cancerous endometrial tissue 1 

[529]. 2 

Other have identified molecular and genetic features of STIC which predict their likelihood of 3 

developing into HGSOC. For example, telomere shortening is observed in both STIC and P53 4 

signatures in the absence of HGSOC, and STIC genomically associated with HGSOC have been 5 

seen to have shorter telomeres [530]. Hypermethylation of histones is observed in STIC but not in 6 

P53 signatures suggesting that epigenetic alterations are an early event in the HGSOC 7 

carcinogenesis [531].  8 

Further research is needed to better understand these structures and how HGSOC develops. This 9 

is particularly true for studies of the molecular features of STIC, including the proteome and post 10 

transcriptional modification relating to STIC development [115].  11 

7.3. Overcoming Chemoresistance in Ovarian Cancer 12 

Chemoresistance is a complex process which is still not fully understood. Further, the 13 

underpinning features of chemoresistance are heterogenous between patients, between tumours 14 

and over time. As discussed above, the temporal heterogeneity of chemoresistance is characterised 15 

by the concepts of inherent and acquired chemoresistance. For example, the formation of the 16 

MCTS structure, as investigated in Chapter 5, represents an inherent chemoresistant  phenotype. In 17 

contrast, altered molecular features resulting from exposure to anti neoplastic agents, as explored 18 

in Chapter 4, represent examples of acquired chemoresistance. The observation that HGSOC 19 

typically responds to standard chemotherapy (CBP and Paclitaxel) before the patient relapses with 20 

resistant disease, shows that considering the molecular mechanisms of both inherent and acquired 21 

resistance, is essential for improving clinical outcomes in HGSOC. 22 

While efforts continue to investigate the molecular and biological underpinnings of 23 

chemoresistance, there have been several advances in treatment approaches to overcome 24 

chemoresistance. This includes decades of optimising chemotherapy regimens and delivery 25 

methods (reviewed in [222]) and the development of novel anti-cancer agents. One such type of 26 

agent, CDK4/6 inhibitors, is discussed in chapter 6. As discussed above, targeted therapies 27 

represent an exciting avenue for treatment of ovarian cancer. However, there are several challenges 28 

including the requirement of the cancer in question to possesses specific, targetable, characteristics 29 

[238], effective delivery of these compounds to cancer targets and inherent [242]  and acquired 30 

resistance [238].  31 

One example of an approach to identifying novel anti-cancer compounds utilised the TCGA 32 

ovarian cancer transcriptomics analysis of over 500 HGSOC samples [532]. By applying 33 

pRRophetic, a tool for correlating the drug sensitivity in cell lines with their related transcriptome 34 

for prediction of in vivo drug sensitivity [533, 534], to the TCGA data set they predicted the 50% 35 

inhibitory concentration (IC50) of 138 drugs for each of the 598 unique tumour transcriptomes in 36 

the dataset [532]. Through the comparison of predicted IC50 to survival time (utilised as a proxy 37 

for response to standard of care treatment with platinum and taxane standard chemotherapy), they 38 

identified 5 anti-cancer agents which were predicted to exhibit higher efficacy in standard of care 39 

resistant HGSOC. This was then validated in an independent in vitro and in vivo data set. The 5 40 
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compounds identified possessed a range of molecular targets and included 2 tyrosine kinase 1 

inhibitors, a PARP inhibitor, a MEK/ERK inhibitor and an anti-angiogenic agent. Many of these 2 

agents were already undergoing clinical trials, indicating the strength of this approach. One 3 

important shortcoming noted by the authors was the focus on single agent anti-cancer treatments 4 

and further work utilising similar predictive tools are expected to expand their investigation to 5 

include combination treatments. 6 

In a second example of such an approach, researchers applied a bioinformatics approach to identify 7 

genes related to cisplatin chemoresistance in HGSOC [535] and identified the common thread of 8 

aberrant EGFR/ErbB2 signalling. This complex pathway has been seen to be involved in processes 9 

such as promoting cell survival, proliferation, differentiation, migration, invasion, adhesion and 10 

angiogenesis [536]. Sanguinarine inhibits these pathways and had not yet been investigated in 11 

ovarian cancer. They demonstrated, via immunohistochemistry, that, in a mouse xenograft model 12 

with cisplatin resistant ovarian cancer cells, combination treatment with Sanguinarine and cisplatin 13 

reduced signalling in the EGFR/ErbB2 pathway, and this correlated with decreased tumour mass 14 

[535]. 15 

One of the current, mostly unaddressed, challenges in treating cancer with targeted molecular 16 

therapies is intra tumoural heterogeneity (ITH), where cancers are made up of a heterogenous 17 

population of cells. This can result in resistance to treatment, particularly molecular targeted 18 

treatment [537-539].  19 

7.4. Mass Spectrometry Analyses of in vitro Models of Ovarian Cancer 20 

To improve treatment of ovarian cancer research focuses on the discovery of diagnostic markers 21 

and the development of improved therapeutics. The continued development of pre-clinical models 22 

is essential to both avenues of research [540].  In chapter 5 we reviewed the MS-based analyses 23 

performed on MCTS, a commonly used in vitro model for ovarian cancer. Since the publication 24 

of this article in 2018, there have been significant advances in the field of pre-clinical models for 25 

ovarian cancer and mass spectrometry analysis of these structures. 26 

It has been long established that ovarian cancer MCTS represent an effective in vitro model for 27 

replicating solid tumours. These structures are formed of mature cells, are self-assembling, free 28 

floating and form heterogenous layers resulting from oxygen and nutrient gradients [541]. These 29 

structures replicate numerous features of solid tumours including the tumour microenvironment 30 

[542, 543], greater resistance to treatment than cancer monolayers, and enrichment of tumour stem 31 

cells [544, 545].  32 

There have been significant advances in the development of tumour spheroid models including 33 

ECM scaffolds [546] and co-culturing with diverse cell types [547]. These structures have been 34 

used to investigate how tumour features, which are replicated in MCTS, contribute to cancer 35 

progression and treatment resistance. This includes oxygen gradients, alterations in energy 36 

metabolism, an acidic microenvironment, decreased cell cycle progression, presence of CSCs, cell-37 

cell and cell-ECM interactions (reviewed in [546]).  38 

The application of microscopy techniques in conjunction with MSI has been utilised to provide 39 

greater biological context for the spatial identification of analytes. For example, J. Michalek, et al 40 
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(2019) combined MALDI MSI investigation of perifosine penetration into colon cancer spheroids 1 

with advanced microscopy targeting the proliferative marker Ki-67 [548]. By combining the 2 

results of these two different analysis techniques they identified alterations in proliferation which 3 

correlated with drug penetration. They built upon this by utilising markers for metastasis and 4 

apoptosis to demonstrate that inhibited penetration of perifosine contributed to tumour survival 5 

and increased expression of metastatic molecular markers [549].   6 

While compounds such as perifosine can be detected using standard MALDI MSI, this is more 7 

difficult for platinum-based compounds such as CBP [550]. To overcome this, laser ablation ion 8 

coupled plasma mass spectrometry (LA-ICP-MS) is commonly utilised to provide high resolution 9 

images of elemental distribution in tissue sections [550]. Recently S. Markovic, et al. (2021) 10 

demonstrated that this technique is effective for tracing the penetration of CBP into MCTS derived 11 

from HT29 cells [551]. They demonstrated quantitative analysis of Pt accumulation using matrix 12 

matched gelatine standards. Further, in a single spheroid, Texas red coupled CBP was visualised 13 

via confocal fluorescence microscopy and LA-ICP-MS which demonstrated the accuracy of LA-14 

ICP-MS for tracing penetration of CBP into this spheroid model.  15 

Poorly vascularised solid tumours have distinct gradients of oxygen and nutrients where cells 16 

further from blood vessels have altered metabolic profiles. This has been seen to give rise to 17 

various pro cancer phenotypes including apoptosis resistance, adaptation to nutrient starvation, 18 

enhanced migration, invasion, and metastasis [552, 553]. This feature of solid tumours is clearly 19 

replicated in MCTS. H. Lulu, et al. (2019) utilised Fourier-transform ion cyclotron resonance (FT-20 

ICR) MALDI MSI to investigate endogenous metabolites in breast cancer MCF-7 MCTS [554]. 21 

They applied this technique to investigate the distribution of high energy adenosine phosphates 22 

and oxidized/reduced glutathione as these compounds are thought to be affected by nutrient and 23 

oxygen gradients [555]. They observed increased ATP in the outer regions while ADP and AMP 24 

were distributed uniformly across the spheroid. Further, the investigation of oxidised/reduced 25 

glutathione showed that both species existed predominantly in the centre of the MCTS, but their 26 

ratio was shifted toward the oxidised form in the centre of the spheroid indicating oxidative stress.  27 

They expanded this analysis by identifying 5 metabolites (N-Acetyl-alpha-D-glucosamine 1-28 

phosphate (GlcNAc-1-P), uridine monophosphate (UMP), uridine diphosphate (UDP), uridine 29 

triphosphate (UTP), uridine diphosphate N-acetylglucosamine (UDP-GlcNAc)) which most 30 

discriminated the outer layer (outer 50%) of the MCTS. Each of the identified metabolites are 31 

uridine phosphatases which agrees with the finding that hypoxia is associated with decreased 32 

abundance of uridine nucleosides [556, 557]. The 5 metabolites which most discriminate the 33 

inner layer of the spheroid (glucose-6-phosphate (G-6-P), cytidine 3', 5'-cyclic monophosphate 34 

(cCMP), cytidine monophosphate (CMP), cytidine diphosphate (CDP) and CDP-ethanolamine 35 

(CDP-Etn)) play a role in surface sialyation representing an adaptation to nutrient deprivation.  36 

These studies show the utility of MALDI MSI, or complimentary MSI techniques for 37 

investigation drug penetration and biological features of MCTS, as explored in Chapters 5 and 6. 38 

Further, it demonstrates the power of combining multiple imaging techniques to better 39 

understand the biological impact of drug treatment on these structures. 40 
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7.5. Mass Spectrometry Analyses of Ascites Derived MCTS 1 

In chapter 5 we demonstrated that ascites derived ovarian cancer spheroids could be investigated 2 

using MALDI MSI to reveal spatially defined proteomic features. In recent years there has been 3 

significant interest in analysing ovarian cancer ascites with mass spectrometry. This includes 4 

identifying ovarian cancer biomarkers within ascites [558-560], investigating the secretome of 5 

tumour associated macrophages in the ascites [561], correlation of ascites volume with sialyation 6 

[562] and the impact of ascites as a growth medium on the glycome of ovarian cancer cell lines 7 

[563]. However, there has been comparatively fewer investigations into the tumour spheroid 8 

structures contained within ovarian cancer ascites. 9 

T. Worzfeld, et al. (2018) investigated ascites derived MCTS, tumour associated T-cells (TATs) 10 

and tumour associated macrophages (TAMs) from 8 patients with complimentary proteomic and 11 

transcriptiomic analyses [560]. Their analysis of ascites derived MCTS revealed prominent 12 

expression of proteins involved in ECM remodelling. This includes synergistic actions of TAMs 13 

and MCTS to produce both structural ECM proteins and those which break down the ECM. They 14 

proposed that this is in line with the metastatic progression of ovarian cancer relying on sequential 15 

adhesion to mesothelial cells, invasion through the mesothelial layer and remodelling of the 16 

submesothelial matrix [559].  17 

P. Mittal, et al. (2019) demonstrated a method for the isolation, FFPE embedding and MALDI 18 

MSI investigation of these MCTS acquired from patient ascites [564]. The ability to isolate these 19 

structures and embed them in a way which can be stored for extended periods of time with minimal 20 

impact of future analysis holds the potential for significant future research into these structures 21 

and their importance in ovarian cancer progression.  22 

7.6. Importance of this work and future directions 23 

Comprehensive MS based analyses of multiple molecular classes holds the potential to 24 

revolutionise diagnosis and treatment of HGSOC [418]. By developing a deeper understanding of 25 

the molecular underpinnings of ovarian cancer development, response to therapy and metastatic 26 

progression there is the potential to improve early detection, therapy and, ultimately, patient 27 

outcomes. 28 

However, there remain several challenges to the MS based characterisation and investigation of 29 

the molecular features of HGSOC. This including access to relevant tissue, method development 30 

and integration of numerous molecular features. Currently there is a great focus in improving MS 31 

techniques, instrumentation, and data analysis methods [416] to overcome these challenges. 32 

Here we have set the foundation for comprehensive MS based analyses of ovarian cancer through 33 

methods development and research insights. This includes the development of techniques for MS 34 

analysis of small, precancerous tissues and MCTS. Further to this, we provide insight into the 35 

molecular features of precancerous tissues and provide molecular characterisation of 36 

chemoresistance in ovarian cancer. 37 

The methods described above outline how MS analysis of precancerous lesions of the fallopian 38 

tube can provide molecular insight into the development of HGSOC. Into the future this can be 39 
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built upon through the gathering of a large range of STIC samples from women who undergo risk 1 

reducing salpingo-oopherectomy. As outlined in the introduction, identification of STIC, 2 

especially at the early stages of development, remains challenging. We propose utilizing MALDI 3 

MSI to identify the molecular features which separate precancerous tissue from adjacent benign 4 

tissue to improve identification of STIC. Utilizing traditional genomic and histological methods 5 

for validation, this holds the potential to improve the accuracy of STIC identification for use in 6 

further studies. Further to this, through the application of longitudinal analyses of patient 7 

outcomes, the correlation of MS molecular analyses of STIC with the subsequent development of 8 

cancer has diagnostic potential in patients who undergo risk reducing salpingo-oopherectomy.  9 

Chemoresistance remains the largest barrier to positive outcomes for patients with HGSOC. This 10 

highlights the need for diagnostic tools which can effectively characterise an individual’s tumours 11 

with predictive power to advise treatment approaches. This is particularly true for ovarian cancer 12 

where a ‘one size fits all’ approach to treatment has been in place for over 30 years [208] and has 13 

resulted in only modest improvements in patient survival rates over that time.  In Chapter 4 we set 14 

the foundation for molecular characterisation of a chemoresistant phenotype with the aim of 15 

predicting patient response to treatment. To expand upon this many samples are required from a 16 

range of tumour stages. It is imperative that samples are appropriately stratified to reflect the 17 

dynamic nature of HGSOC, particularly following initial chemotherapy treatment. Further to this, 18 

the combination of proteomics, metabolomics and other MS, and non-MS, techniques could be 19 

combined in a panomics approach to better capture the full complexity of the chemoresistant 20 

phenotype. This necessitates the further development of multi omic integrative data analysis 21 

platforms, such as ‘omics analyst’ [565], to consolidate these disparate data sources. Through this 22 

approach, it is hypothesised that a molecular pattern which is indicative of resistance to a particular 23 

treatment regime can be identified and utilised in the clinic to better advise treatment.  24 

The search for a signature of chemoresistance is further complicated by structural f eatures 25 

including MCTS located within the ascites. Identifying a molecular signature for chemoresistance 26 

must also extend to the molecular features inherent to these structures. For this reason, a panomics 27 

investigation of MCTS extracted from patients and directly investigated by MS holds the potential 28 

to provide deep molecular information about, what is proposed to be, a chemoresistant niche which 29 

can reseed ovarian cancer after chemotherapy treatment. Ascites are a readily available source of 30 

primary patient samples which, with the application of appropriate methodology, could be directly 31 

analysed after extraction to capture the molecular features inherent to the MCTS structure and the 32 

ascites in which they reside. While the clinical impact of this approach is limited by the observation 33 

that ascites only arise in advanced disease, it holds the potential to advise the use of novel anti -34 

cancer compounds in patients who are identified as having a molecular signature indicative of 35 

resistance to standard treatment. 36 

Finally, the future of ovarian cancer treatment is underpinned by the development of a vast number 37 

of novel anti-cancer compounds. This is being complimented by the development of complex and 38 

biologically relevant in vitro models against which a vast panel of compounds can be tested in a 39 

high throughput approach. This can be approached through the improvement of in vitro models 40 

such as MCTS. This includes incorporating more features of the in vivo environment including 41 
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multiple cell types, ECM, and appropriate chemical signals within the media. To advise this, a 1 

deeper understanding of the molecular features of ovarian cancer, including features which are 2 

subtype and stage specific, is required to achieve the goal of a high throughput in vitro model 3 

which closely replicates the in vivo situation. It is hypothesised that this represents the pathway for 4 

improving the hit rate of new anti-cancer compounds and reinvigorating the development of new 5 

treatments for HGSOC. 6 

Some of the challenges inherent to the above proposed approaches include heterogeneity between 7 

patients and between tumours in the same patient, acquiring sufficient information from small 8 

amounts of biological materials and combining the analysis of multiple molecular features into a 9 

single cohesive cellular molecular picture. MS based analyses seeks to overcome these challenges 10 

by providing rapid, deep, and clinically relevant information about an individual’s cancer  with 11 

sensitivity down to a single cell.  12 

Improving outcomes for HGSOC patients requires nuanced surgical and pharmacological 13 

intervention advised by a comprehensive understanding of the biology and molecular features of 14 

this disease throughout its development and in response to treatment. The collection and analysis 15 

of vast amounts of MS data to identify the molecular features of this complex disease, subsequent 16 

patient stratification and development of anti-cancer compounds, facilitated through the 17 

development of advanced in vitro models, promises to unravel the intimidating complexity of 18 

ovarian cancer, and represents a powerful tool for improving outcomes for patients with this deadly 19 

disease. 20 

 21 
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Abstract: Methylglyoxal (MGO) is a highly reactive cellular metabolite that glycates lysine and
arginine residues to form post-translational modifications known as advanced glycation end products.
Because of their low abundance and low stoichiometry, few studies have reported their occurrence
and site-specific locations in proteins. Proteomic analysis of WIL2-NS B lymphoblastoid cells in
the absence and presence of exogenous MGO was conducted to investigate the extent of MGO
modifications. We found over 500 MGO modified proteins, revealing an over-representation of these
modifications on many glycolytic enzymes, as well as ribosomal and spliceosome proteins. Moreover,
MGO modifications were observed on the active site residues of glycolytic enzymes that could alter
their activity. We similarly observed modification of glycolytic enzymes across several epithelial cell
lines and peripheral blood lymphocytes, with modification of fructose bisphosphate aldolase being
observed in all samples. These results indicate that glycolytic proteins could be particularly prone to
the formation of MGO adducts.

Keywords: methylglyoxal; glycation; post-translational modifications; MG-H1; CEL; CEA; proteomics;
glycolysis

1. Introduction

Post-translational modifications (PTMs) of proteins play an important role in bio-
logical events by regulating protein activity, interactions, stability and degradation [1].
PTMs can be derived through enzymatic processes via specific proteins responsible for the
addition or removal of modifications including phosphorylation, methylation, acetylation
and ubiquitination [1]. Moreover, PTMs can also be derived from non-enzymatic cova-
lent modifications caused by electrophilic metabolites which react with the nucleophilic
groups of arginine and lysine residues [2]. These electrophilic metabolites include acetyl-
CoA, malonyl-CoA, 4-hydroxynonenal, glyoxal and methylglyoxal (MGO) [2,3]. MGO
is a highly reactive 1,2-dicarbonyl compound formed as a by-product of glycolysis, in
which intermediate triosephosphates (dihydroxyacetone phosphate and glyceraldehyde-3
phosphate) spontaneously degrade to generate MGO [4]. Because MGO is formed via
glucose metabolism, it has been implicated in the pathogenesis of diabetic complications [5].
Moreover, MGO has been shown to be elevated in cancer cells following the metabolic
rewiring from oxidative phosphorylation to glycolysis (Warburg effect) as their primary
energy source [6]. Cellular MGO concentrations are maintained by the glyoxalase system.
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MGO spontaneously reacts with glutathione, forming a hemithioacetal that is recognized
by glyoxalase 1 (GLO1) and converted to S-D-lactoylglutathione. This is subsequently
recognized by GLO2 and converted to the non-reactive D-lactate and glutathione [7]. MGO
that is not sequestered by the glyoxalase system is able to react non-enzymatically to form
methylglyoxal-hydroimidazolone (MG-H) isomers (1, 2 and 3) on arginine residues and
carboxyethyl modifications on both arginine (Nε-carboxyethylarginine (CEA)) and lysine
(Nε-carboxyethyllysine (CEL)) residues, amongst other less abundant modifications [8]. Col-
lectively, these modifications, as well as those formed by other metabolites (glucose, glyoxal
and 3-deoxyglucosone) are referred to as Advanced Glycation Endproducts (AGEs) [9].

Detection of MGO modifications has been largely achieved by measuring the total
cellular contribution, rather than its presence on specific proteins [10]. This has primarily
been performed utilising spectroscopic, immunochemical, chromatographic and mass
spectrometric methods [11]. While these approaches are effective for detecting changes in
the abundance of the modification which can be used to infer biological significance, it lacks
the specificity to directly identify target proteins, which is crucial for elucidating underlying
mechanisms. Unfortunately, measuring these modifications on specific proteins has proved
challenging, due to their low abundance, low stoichiometry and heterogeneity, which makes
their detection and characterisation difficult. Only a few studies have attempted to measure
site-specific MGO modifications in mammalian cells with varying degrees of success [12–16].
Initial studies struggled to identify MGO modifications under control conditions, requiring
the use of exogenous MGO to increase the concentration of these modifications [12–14,16].
While this is an effective approach for increasing the concentration of these modifications,
these conditions may promote non-specific MGO modification of proteins or residues that
would otherwise be unmodified under physiological or pathological conditions. Only
recently has a comprehensive assessment of MGO modifications in HEK293T cells been
applied. In this study, subcellular fractionation was applied to decrease sample complexity
allowing for the identification of more than 600 MG-H modified proteins [14].

We recently applied bottom-up proteomics of whole WIL2-NS cell lysates to identify
MGO modifications on mitotic proteins to gain a deeper understanding of the aneugenic
activity of MGO (manuscript in preparation). While we were able to identify several
mitotic proteins harbouring MGO modifications, we also identified an abundance of non-
mitotic modified proteins. Therefore, using the entire inventory of MGO modified proteins
identified from our previous study, we performed several types of enrichment analysis
to identify proteins and/or pathways that are most susceptible to MGO. Samples were
digested with ProAlanase (ProAla) or trypsin and analysed by LC-MS. In WIL2-NS cells,
we identified over 500 proteins with MGO modifications. Enrichment analysis revealed
glycolytic enzymes are targets for MGO modifications, several of which occur on residues
involved in substrate interactions and are likely to affect their activity. Furthermore, we
showed that the modification of glycolytic enzymes was not unique to WIL2-NS, but was
also present in several epithelial cell lines and peripheral blood lymphocytes in vivo, with
modification of fructose bisphosphate aldolase being the most prevalent.

2. Results
2.1. Characterization of MGO Modified Proteins

To explore the potential impact of dicarbonyl stress (elevated MGO) on cellular func-
tion, we used a discovery proteomics approach on whole-cell extracts from WIL2-NS cells
to investigate the modification of intracellular proteins following treatment with MGO.
Cells were treated with 500 µmol/L MGO for 24 h, which led to a 2.2- and 1.8-fold in-
crease in MG-H1 and CEL, respectively, as shown by LC-MS analysis (Supplementary S1
Figure S1A,B). This relative increase is consistent with those observed in pathological
conditions such as diabetes and thus less likely to cause non-specific modifications [8].

Preparation of whole-cell extracts for proteomics was performed using trypsin and
ProAla in separate digests. Overall, we identified 519 modified proteins (Supplementary S2).
The majority of modifications were identified in trypsin digests; however, the incorpora-
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tion of ProAla in this study increased the number of identified MGO modification sites
by approximately 25% (Supplementary S1 Figure S1C). Surprisingly, only 3.8% of the
modification sites were detected in both ProAla and trypsin digested samples (Supple-
mentary S1 Figure S1C). This was mostly due to ProAla modified peptides contributing to
increased sequence coverage where the corresponding modification sites were undetected
by trypsin; for example, as shown for CEL modification of K20 of Transgelin-2 and K496 of
RNA-splicing ligase RtcB homolog (Figure 1A).
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digestion (C) (see also Supplementary S1 Figure S2). (D,E) Abundance plot of proteins in trypsin
digestion (D) and ProAla digestion (E) by rank. Grey spots represent unmodified proteins and red
are those with MGO modifications.
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Abundant y and b ions were observed for MGO-modified peptides produced in trypsin
digested samples, which was particularly useful for identifying site-specific PTM residues
(Figure 1B). Moreover, despite a C-terminus alanine or proline, abundant b and y ions could
also be observed in ProAla digested samples (Figure 1C). Therefore, ProAla can be used
in conjunction with trypsin to increase the identification rate of MGO modifications. To
gain insight into what factors may influence the identification of MGO-modified proteins,
we ranked the proteins from each digest based on their Log2 abundance. In both digests,
modification of proteins by MGO was more often observed in higher abundant proteins,
with 45.8% and 61.9% of identifications occurring in the top 20% most abundant proteins
for trypsin and ProAla, respectively (Figure 1D and Supplementary S1 Figure S1D). In
the trypsin digest, 13 of the 20 most abundant proteins contained MGO modifications,
consisting of 32 modification sites. A number of modifications per protein ranged from
1–19 sites, with beta-actin (ACTB) containing the highest number of MGO modification
sites (Supplementary S1 Table S1 and Supplementary S1 Figure S1E).

2.2. Enrichment Analysis of MGO Modified Proteins

To explore the functional impact of MGO modifications in WIL2-NS cells, we per-
formed enrichment analysis of biological processes, with the DAVID gene ontology tool
using all MGO-modified proteins generated in this study. MGO-modified proteins showed
over-representation in a diverse range of biological processes, including canonical gly-
colysis, translation initiation, regulation of cellular response to heat, mRNA splicing via
spliceosome, amongst others (Table 1). Canonical glycolysis was the most enriched biologi-
cal process (13.4-fold enrichment). Pathways with the largest number of MGO-modified
proteins included cell-cell adhesion, mRNA splicing via spliceosome, translation initiation
and protein folding, which all contained more than 20 modified proteins (Table 1). To
further explore those pathways most impacted by MGO, we developed a protein–protein
interaction network with STRING. KEGG pathway enrichment analysis was performed
to determine pathways associated with the remaining clusters, which revealed glycoly-
sis/gluconeogenesis, spliceosome and ribosome as the pathways most affected by MGO
modifications (Figure 2). Glycolysis involves the conversion of glucose to pyruvate in ten
enzyme-mediated steps. Remarkably, seven of the ten steps contained MGO-modified
proteins, including glucose-6-phosphate isomerase (GPI), enolase 1/3 (ENO1/3), fructose
bisphosphate aldolase A/C (ALDOA/C), triosephosphate isomerase (TPI), glyceraldehyde
3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase (PGK) and pyruvate ki-
nase M (PKM) consisting of 20 modification sites in total (Figure 3A and Supplementary S3).
The selective enrichment of glycolysis suggests MGO may modulate glucose metabolism
by modifying enzymes involved in this pathway. To investigate the potential impact of
MGO modifications on these proteins, we looked at the role of residues that were modified.
ALDOA is a highly conserved glycolytic enzyme that catalyses the reaction that cleaves the
aldol fructose 1,6-bisphosphate into triosephosphates dihydroxyacetone phosphate (DHAP)
and glyceraldehyde 3-phosphate (G3P) [17]. Fructose 1,6-bisphosphate covalently binds to
K229 followed by Schiff-base formation and carbon-carbon cleavage yielding triosephos-
phate formation [17]. K229, as well as K146 and R42, which non-covalently interact with
the substrate in the active site, were modified by MGO, suggesting modification of these
sites is likely to interfere with its interaction with fructose 1,6-bisphosphate (Figure 3B). All
four modification sites observed on ALDOA were observed within the active site, despite
the presence of numerous other lysine and arginine residing in the protein, suggesting
modification of the active site residues was not random (Figure 3B). Strikingly, ENO1,
another glycolytic enzyme that converts 2-phosphoglycerate to phosphoenolpyruvate [18],
was shown to contain seven modification sites, three of which occurred on residues known
to contain other PTMs (Figure 3C).
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Table 1. Enrichment analysis for biological processes enriched with MGO modifications.

Biological Process Count Fold
Enrichment FDR Genes

Canonical Glycolysis 9 13.4 3.6 × 10−5 ALDOA, ALDOC, ENO1, ENO3,
GPI, GAPDH, PGK1, PKM, TPI

Gluconeogenesis 9 7.9 1.6 × 10−3 ALDOA, ALDOC, ENO1, ENO3,
GPI, GOT2, GAPDH, PGK1, TPI

Translation initiation 22 6.2 2.3 × 10−8

DDX3Y, DHX29, EIF3F, EIF4A1,
PABPC1, PAIP1, RPL10, RPL13,

RPL19, RPL21, RPL24, RPL31, RPL34,
RPL4, RPS15, RPS2, RPS25, RPS26,

RPS27A, RPS4X, RPS4Y1, RPS6

Regulation of cellular
response to heat 12 6.2 4.7 × 10−4

FKBP4, HSP90AA1, HSP90AB1,
HSPA8, HSPH1, NUP153, NUPL2,

POM121C, POM121, RANBP2,
RPA3, YWHAE

Nucleosome assembly 17 5.5 1.4 × 10−5

ATRX, H2AFX, ANP32A, ANP32B,
DAXX, HMGB2, HIST1H1A,

HIST1H2BB, HIST1H2BD,
HIST1H2BK, HIST1H2BM,

HIST1H3A, HIST1H4I, HIST2H2BF,
HIST2H3PS2, H3F3A, NPM1

Cell-cell adhesion 38 5.4 1.3 × 10−13

ALDOA, AHNAK, CCT8, CKAP5,
DDX6, DHX29, EEF1G, EEF2, EHD4,

ENO1, FASN, FLNB, LASP1,
HSP90AB1, HSPA8, HDLBP,

HIST1H3A, HCFC1, LDHA, PARK7,
PRDX1, PCBP1, PSMB6, PPME1,

PKM, RAB1A, RANGAP1, RACK1,
RPL24, RPL34, RPS2, RPS26, SPTAN1,

SPTBN1, TAGLN2, YWHAB,
YWHAE, YWHAZ

mRNA splicing, via
spliceosome 26 4.5 2.4 × 10−7

ALYREF, CSTF2, DNAJC8, FUS,
HSPA8, HNRNPC, HNRNPH1,

HNRNPH2, HNRNPL, HNRNPM,
HNRNPR, HNRNPU, NONO, PPIE,
PABPC1, PCBP1, POLR2B, RBMX2,

RBMX, SRSF2, SNRPB, SPEN,
SF3B1, SF3B2, SYNCRIP, TRA2B

Protein folding 21 4.5 9.9 × 10−6

CANX, CCT2, CCT5, CCT8, FKBP4,
FKBP5, GRPEL1, HSPE1-MOB4,

HSP90AA1, HSP90AA2P, HSP90AB1,
HSP90AB2P, HSP90B1, HSPA8,

HSPA9, HSPE1, PPIA, PPIE,
RANBP2, ST13, TXN

Protein sumoylation 13 4.3 5.2 × 10−3
BIRC5, HNRNPC, IFIH1, NUP153,

NUPL2, POM121C, POM121, RAD21,
RANBP2, RING1, SMC3, TRIM28

G2/M transition of
mitotic cell cycle 15 4.2 1.5 × 10−3

ALMS1, BIRC5, CNTRL, CEP250,
CKAP5, HAUS5, HSP90AA1,

KHDRBS1, ODF2, PPP1CB, RPS27A,
TUBA4A, TUBB4B, YWHAE

Pathway enrichment analysis was performed using Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.8 (https://david.ncifcrf.gov/, accessed on 9 December 2021) [21]. Biological Processes or
proteins in bold were also observed in control (untreated) cells.

https://david.ncifcrf.gov/
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Figure 3. (A) Flow diagram showing glycolysis. Enzymes highlighted in red contain MGO modifica-
tions detected by LC-MS analysis. (B) Three-dimensional structure of fructose bisphosphate aldolase
A (ALDOA, PDB entry 1ZAI). MGO-modified residues found in this study are labelled. and relevant
arginine (green) and lysine (orange) residues are shown. Active site bound to intermediate Schiff-base
substrate (purple) is enlarged. (C) Table of MGO modification sites that occur on residues involved in
protein function. Features of each residue was obtained from UniProt. HK; hexokinase, GPI glucose-6-
phosphate, PFK; phosphofructokinase, ALDO; fructose bisphosphate aldolase, TPI; triosephosphate
isomerase, GAPDH; glyceraldehyde 3-phosphate dehydrogenase, PGK; phosphoglycerate kinase,
PGM; phosphoglucomutase, ENO; enolase, PKM; pyruvate kinase M.
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2.3. Modification of Glycolytic Enzymes

Following the identification of glycolytic enzymes as primary targets for MGO mod-
ification in WIL2-NS cells, we examined if this was consistent across other cell types.
Therefore, using previous data of epithelial cell lines, OV90 and Caov3 without (parental)
and with chemoresistance to the chemotherapeutic drug carboplatin (CBPR) from our
laboratory, raw data files were reprocessed for MGO modifications. As these cell lines were
initially used for a different study, they were not treated with MGO and, therefore, modifi-
cation sites represent those present under basal conditions. All cell lines, except for OV90
(parental), showed canonical glycolysis to be over-represented with MGO modifications
(Figure 4A). Additionally, peripheral blood lymphocytes (PBL) isolated from three separate
healthy male donors were similarly analysed for the occurrence of MGO modifications
in vivo. As with the epithelial cell lines, analysis of MGO modification sites in PBL was per-
formed without MGO treatment to detect modifications sites present under basal conditions
only. Unfortunately, no significant enrichment was observed for MGO modifications on gly-
colytic enzymes in PBL, but modification of ALDOA was observed in PBL from all donors
(Figure 4A,B). Furthermore, modification of ALDOA was observed in all epithelial cell lines
(Figure 4B). We also investigated the modification of other proteins that occurred across
multiple cell types, Histone H1.1 R57 (CEA), AT-rich interactive domain-containing protein
2 (Fragment) R277 (CEA) and Neuroblast differentiation-associated protein AHNAK K1333
(CEL) being the most commonly identified modification sites (Supplementary S1 Table S2).
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Figure 4. (A) Enrichment of MGO-modified glycolytic proteins in different cell types. For this analysis,
all cells were untreated. For PBL, modified proteins from all three donors were collated into one list
and enrichment analysis subsequently performed. FDR values are in white. (B) Occurrence of MGO-
modified glycolytic enzymes in different cell types. CBPR; chemoresistance to the chemotherapeutic
drug carboplatin, PBL; peripheral blood lymphocytes, ENO; enolase, ALDO; fructose bisphosphate
aldolase, TPI; triosephosphate isomerase, GAPDH; glyceraldehyde 3-phosphate dehydrogenase, PGK;
phosphoglycerate kinase, PGM phosphoglucomutase, PKM; pyruvate kinase M, ns; not significant.

3. Discussion

Metabolite-driven PTMs have a diverse role in regulating protein function, by alter-
ing enzyme activity, obstructing protein–protein interactions and by forming covalent
crosslinks between proteins [1]. To gain further insight into the role of PTMs, mapping
of proteins and specific sites using proteomic techniques is an attractive approach. There-
fore, we utilised LC-MS to explore intracellular MGO modifications. Detection of MGO
modifications and other AGEs has remained difficult due to their low abundance, low
stoichiometry and heterogeneity at modification sites and the lack of suitable enrichment
techniques [22]. An ideal approach would utilise pan-specific antibodies to enrich native
modifications at the peptide level. Only one previous study has reported this approach
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for MGO modifications, using antibodies specific to each MG-H isomer and CEA to enrich
MGO modified histone peptides; however, this yielded no enrichment [16]. Interestingly,
an enrichment method using commercially available antibodies was applied to the AGE
Nε-carboxymethyllysine, where a 10-fold increase in the identification of CML-modified
peptides was observed [23]. Several commercially available antibodies exist for MGO
modifications and potentially allow a more comprehensive picture of these modifications
to be obtained. An alternative enrichment technique used an alkyne-labelled MGO ana-
logue (alkMGO), which can be enriched by click-chemistry based techniques [24]. In this
study, 71 MG-H, CEL and CEA modifications were identified in human serum incubated
with 250 µmol/L of alkMGO and more than 300 identified in erythrocyte lysates treated
with 500 µmol/L [24]. Unfortunately, the alkMGO analogue is not commercially available
which limits its use by other researchers. The most common approach to increase the
identification of MGO modified proteins is to increase their concentration using exogenous
MGO, which was performed in our study. This approach has been used to study MGO
modification sites in Human microvascular endothelial cells (HMEC-1), periodontal liga-
ment fibroblasts (PDLF) and HEK293T cells [12–14]. In PDLF, only five proteins with MGO
modifications were identified under control conditions [13]. This total increased to 172
proteins (consisting of 353 sites) following incubation of the cell lysate with 500 µM MGO
for 24 h. Furthermore, the same authors recently provided a comprehensive assessment
of the dicarbonyl proteome in HEK293T cells by incubation with 131 µmol/L of MGO
followed by subcellular fractionation, which resulted in the identification of more than
600 MG-H modified proteins [14]. Similarly, Galligan et.al (2018) used exogenous MGO in
GLO1 KO cells to study the site-specific MGO modifications on histone proteins, where they
identified 21 sites across canonical histone proteins [16]. While the addition of exogenous
MGO is useful for increasing the concentration and number of MGO modifications, several
of the aforementioned studies have used concentrations likely to cause the non-specific
modification of proteins beyond physiological or pathological conditions. To prevent
excessive modification of proteins, we ensured the concentrations of MG-H1 and CEL
following treatment was elevated by less than three-fold to reflect in vivo pathological
conditions and minimise the occurrence of non-specific modifications [25]. We also utilised
the non-standard protease ProAla, in addition to trypsin to increase total sequence cover-
age. ProAla has recently been shown to be more effective than trypsin at peptide mapping
and identifying PTMs on more basic proteins such as histones, which are known targets
for MGO [16,26]. Previous studies have also utilised other proteases, such as Lys-C and
Glu-C, for the identification of various glycated proteins [12,23,24]. Therefore, the use of
other proteases conjunction with trypsin may be useful in identifying additional MGO
modification sites [27].

Enrichment analysis of our inventory of MGO modified proteins using DAVID and
STRING revealed distinct networks which were enriched with these modifications. Most
enriched was canonical glycolysis, where seven steps out of the ten-step process contained
MGO modified proteins in WIL2-NS cells. Previous studies have shown various MGO mod-
ifications on arginine residues of glycolytic enzymes; however, in our study, the majority of
modified sites resided on lysine residues [12,24]. This may be due to treatment durations,
as MG-H modifications occur more rapidly than carboxyethylations, but also have a shorter
half-life. Interestingly, glycolysis is the major pathway responsible for the formation of
MGO by spontaneous degradation of intermediate triosephosphates [4]. Therefore, this
may suggest a potential regulatory feedback mechanism whereby elevated MGO leads to
modification of glycolytic proteins, decreasing their activity and lowering MGO back to a
physiological concentration. Modification of fructose bisphosphate aldolase A at K229 or
146 was identified in all cell types analysed in this study, including PBL. Remarkably, all
four modification sites of ALDOA were involved in its aldolase activity [28]. K229 acts as a
nucleophile in the formation of the Schiff-base with the C2-carbonyl group of the substrate
fructose 1,6-bisphosphate, followed by cleavage of the C3-C4 bond to release the glycolytic
intermediates G3P and DHAP [28]. The charged form of K146 non-covalently interacts with
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the substrate and intermediates to stabilise negative charges [28]. K41 and R42 have also
been shown to interact with the 6-phosphate of the substrate [29]. All these interactions
rely on the positively charged nucleophilic groups of the lysine or arginine residues which
are lost following MGO modifications [30,31]. Therefore, it is highly likely that MGO
modification of ALDOA at these residues, in particular K229, will affect substrate binding
and its catalytic activity to interfere the progression of glycolysis. Moreover, modification
of ENO1 was also shown to be a target of MGO, where seven modifications sites were
detected following MGO treatment. Regulation of ENO1 activity has recently been shown
to occur, at least in part by p300 mediated 2-hydroxyisobutyrylation of K228 [32], which
was a site modified by MGO in our study. Knockdown of p300, which reduced the level of
K228 2-hydroxyisobutyrylation, was shown to lower enzyme activity and the concentration
of glycolytic intermediates [32]. Therefore, MGO modification of K228 could prevent p300
mediated 2-hydroxyisobutyrylation and cause a reduction in ENO1 glycolytic activity.
MGO has been shown to decrease the activity of glycolytic enzymes in vitro and alter
the abundance of glycolytic intermediates, specifically an increase in early stage (fructose
1,6 bisphosphate, dihydroxyacetone phosphate, 3-phosphoglycerate) and a decrease in
later stage intermediates (phosphoenolpyruvate and pyruvate) [33–36]. Unfortunately,
most studies that have investigated the activity of specific glycolytic enzymes in response
to MGO have used high concentrations (2.5–5 mM) that increase the likelihood of non-
specific MGO modifications [33–36]. Therefore, further studies investigating the effects of
site-specific MGO modifications on the activity of glycolytic enzymes (under normal or
pathophysiological conditions) would provide valuable information and reveal clues to
the mechanistic action displayed by MGO. A recent study showed that treatment of GLO2
knockout cells with 50 µM MGO was able to decrease metabolic output through modifica-
tion of the glycolytic enzymes by the glyoxalase intermediate S-D-lactoylglutathione, which
produces lact(o)yllysine [37]. Interestingly, lact(o)yllysine and CEL are isomeric and may
have similar signalling consequences. Both modifications produce identical mass shifts
(+72) and can be difficult to differentiate by standard proteomics techniques. Nevertheless,
both can be produced either directly (CEL) or indirectly (lact(o)yllysine) by MGO and
therefore are associated with dicarbonyl stress.

Other cellular processes over-represented with MGO modifications included the
spliceosome and ribosome. The spliceosome was previously shown to be enriched with
MGO modifications and associated with a decrease in the abundance of proteins in this
pathway [14]. The authors showed, using the Cancer Cell Line Encyclopedia (CCLE)
that GLO1 mRNA expression positively correlated with the expression of spliceosome
proteins (PPIL1 and CDC5L), suggesting increased GLO1 expression protects spliceosome
proteins in tumour cells [14]. The spliceosome protein family serine and arginine-rich
splicing factors (SRs), including SRSF2, which was modified with MGO in our study, are
master regulators of pre-mRNA splicing. Dysregulation of this process can cause genomic
instability and impede the normal expression pattern of proteins, resulting in aberrant
biological function [38]. Loss of SRSF2 in mouse embryo fibroblasts cause cell cycle arrest
in G2/M and double-strand break formation due in at least part to hyperphosphorylation
and hyperacetylation of p53 [39]. Furthermore, mutations in SRSF2 and SF3B1, which also
contained MGO modifications in this study, are observed in 5–75% of patients with various
myeloid neoplasms, particularly chronic myelomonocytic leukemia and refractory anaemia
with ring sideroblasts [40]. Therefore, protection of spliceosome pathway proteins may
confer another role of GLO1 in tumour cells.

Our study reveals glycolysis/gluconeogenesis, spliceosome and ribosome as major
STRING pathways enriched with MGO modifications. Although we were able to identify
many MGO modified proteins, it is unlikely to be a comprehensive list. Further efforts to
enrich those proteins which are modified by MGO are required, particularly in the identifi-
cation of low abundant proteins that may harbour these modifications. Nevertheless, our
study provided valuable insights into the potential impact MGO may have on cellular func-
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tion. Furthermore, site-specific identification of MGO modification sites suggests they may
have a role in regulating glycolytic output by altering the activity of glycolytic enzymes.

4. Materials and Methods
4.1. Materials

All reagents, chemicals and enzymes were purchased from Sigma unless indicated oth-
erwise. Isotopically labelled and unlabelled MG-H1, CEL and Lysine were purchased from
Iris Biotech (Marktredwitz, Germany). Trypsin Gold (Promega, V5280) and ProAlanase
(Promega, VA2161) were purchased from Promega (Madison, WI, USA). Methylglyoxal so-
lution was purchased from Sigma (St. Louis, MO, USA; M0252; Batch number BCBL7249V).

4.2. WIL2-NS Cell Culture

WIL2-NS cells (ATCC CRL-8155) was kindly gifted by Commonwealth Scientific
Research Organisation (Adelaide, Australia). WIL2-NS cells were cultured in complete
RPMI-1640 medium supplemented with 5% (v/v) fetal calf serum (FCS), L-glutamine (1%
v/v) and penicillin/streptomycin (1% v/v) at 37 ◦C in a humidified atmosphere with 5%
CO2. Cells were seeded at 5 × 105 cells/mL and incubated for 24 h before being treated
with 500 µmol/L MGO for a further 24 h.

4.3. Whole-Cell Quantification of MG-H1 and CEL

WIL2-NS cells were lysed in ice-cold RIPA buffer with sonication over ice for two 10 s
bursts (Misonix, NY, USA). Cellular debris was removed by centrifugation (17,000× g for
10 min at RT). Protein was precipitated by the addition of ice-cold acetone (4:1 ratio of
acetone: sample). Sample was left overnight at −20 ◦C before being centrifuged at 17,000× g
for 10 min at RT. Precipitated protein was washed twice with ice-cold acetone before being
resuspended in 50 mM ammonium bicarbonate (pH 8). Samples were incubated at 37 ◦C
for 4 h to aid protein solubilization. Undissolved protein was removed by centrifugation at
17,000× g for 10 min (RT) and the protein concentration quantified using the Bicinchoninic
acid (BCA; Sigma) assay following the manufacturer’s instructions. Trypsin (TPCK treated,
≥10,000 BAEE units/mg protein) was added at a enzyme to protein ratio (1:50) and the
sample incubated at 37 ◦C for 16 h. Following incubation, sample was heated to 95 ◦C for
10 min to denature the trypsin. Following this, sample was cooled to room temperature
and Pronase E (≥3.5 units/mg protein) and Aminopeptidase (≥12 units/mg protein) were
added at protein-to-enzyme ratio (1:50) for a further 24 h. Enzymes were removed by the
addition of ice-cold acetone (4:1 ratio of acetone: sample) and the sample centrifuged at
17,000× g for 10 min at RT. Supernatant was collected, dried under vacuum centrifugation
and resuspended in 0.1% formic acid (v/v) containing the internal standard (100 nmol/L).
Sample (2 µL) was injected and analytes were separated using a 150 × 4.6 mm, 4 µm
Phenomenex C18 column (Phenomenex, Torrance, CA, USA) with a linear gradient of
0.1% formic acid in water (Buffer A) and 0.1% formic acid in acetonitrile (Buffer B) over
5 min at a flow rate of 0.6 mL/min. Multiple reaction monitoring (MRM) was conducted
in positive mode using an AB Sciex 6500+ QTRAP mass spectrometer (Framingham, MA,
USA) with the following transitions: m/z 147.4 > 83.9 (lysine), 151.2 > 87.9 (d4 lysine),
219.2 > 130.2 (CEL), 222.2 > 134.2 (d4CEL), 229.2 > 116.1 (MG-H1) 232.2 > 116.1 (d3 MG-H1).
The ion source parameters were as follows: source temperature (450 ◦C), curtain gas (20 psi),
collision gas (medium), ion spray voltage (5500 V) and ion source gas 1 and 2 (40 psi).
The concentration of MG-H1 and CEL was normalized to lysine content and expressed as
mmol analyte/mol lysine. Concentration of MG-H1 and CEL are expressed as mean ±
SD (n = 3). Student t-test was conducted to determine any significant difference (p < 0.05)
using GraphPad Prism (San Diego, CA, USA, Version 8.3.0).

4.4. Isolation and Purification of Peripheral Blood Lymphocytes

Venous blood was collected and lymphocytes isolated as previously described from
three healthy male volunteers, aged 25–45 years by density gradient centrifugation [41].
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Following isolation, PBL were stored in liquid nitrogen. The study was approved by
the Human Research Ethics Committee of University of South Australia (Application ID:
203348) and written informed consent was obtained from all participants. For PBL, only
cytoplasmic proteins were isolated by separation of cytoplasmic fraction from nuclear
fraction by cell lysis with buffer containing 320 mM sucrose, 10 mM Tris-HCl, 5 mM MgCl2
and 1% Triton-X100. Supernatant was collected and protein precipitated with three volumes
of ice-cold acetone and washed three times. Protein was dissolved in 8 M urea/50 mM
ammonium bicarbonate and the protein concentration determined by BCA assay.

4.5. Proteomic Analysis of WIL2-NS and PBL

Cell lysis for and protein isolation for WIL2-NS was identical to whole-cell quantifi-
cation of MG-H1 and CEL; however, following this, protein was resuspended in 50 mM
ammonium bicarbonate/8 M urea. Protein concentration was measured by BCA assay.
Preparation of WIL2-NS and PBL for proteomic analysis was identical, except that PBL
was only digested with trypsin. Briefly, 100 µg of protein was reduced and alkylated with
10 mM dithiothreitol and 15 mM chloroacetamide, respectively. Sample was diluted with
50 mM ammonium bicarbonate to reduce urea concentration to 0.8 M. Trypsin (Trypsin
Gold, Promega, V5280, 2 µg) was added and samples were incubated for 8 h at 37 ◦C at
500 rpm. Following incubation, 10.2 µL of formic acid was added to terminate the reaction
and acidify the sample. For ProAla digestion, 20 µg of protein was reduced and alkylated
with 10 mM dithiothreitol and 15 mM chloroacetamide, respectively. Sample was diluted
with 33 mM HCl to reduce the urea concentration to 0.3 M and pH to ~1.5. ProAlanase
enzyme (Promega, VA2161, 0.2 µg) was added, and samples were incubated for 4 h at
37 ◦C. All subsequent steps were the same for trypsin and ProAla digests. Peptides were
purified using in-house packed C18 stage tips [42]. Stage tips were conditioned with 40 µL
of acetonitrile and equilibrated with 80 µL of 0.1% (v/v) formic acid. Samples were loaded
onto the stage tip and washed with 40 µL of 0.1% (v/v) formic acid. Samples were then
eluted with 50% (v/v) acetonitrile in 0.1% (v/v) formic acid. Eluates were dried using a
Speed-Vac and reconstituted in 20 µL of 0.1% (v/v) formic acid. Peptide concentration was
determined by measuring tryptophan concentration of the peptides using an Agilent Cary
Eclipse Fluorescence Spectrophotometer. Briefly, samples diluted 1:10 in 8 M urea/50 mM
ammonium bicarbonate were loaded into a 50 µL Quartz cuvette and fluorescence was
measured at excitation and emission of 295 nm and 350 nm, respectively. Concentration was
determined by comparing against a standard curve generated using tryptophan. Protein
concentration was deduced from tryptophan concentration assuming a tryptophan content
of 1.17% in mammalian proteins [43].

OV90 and Caov3 cell lines were prepared as described above except that a mixture of
Trypsin/Lys-C was used for the digestion and samples incubated overnight. These samples
were prepared for another study, but raw data files were processed as described below for
analysis of MGO modifications.

4.6. High-Resolution Orbitrap Mass Spectrometry

LC-MS analysis was conducted on an EASY-nLC 1200 system coupled to an Orbitrap
Exploris 480 mass spectrometer (Thermo Scientific, Bremen, Germany). Peptides from
trypsin (1 µg) or ProAla (0.5 µg) digests were reconstituted in 0.1% formic acid and loaded
onto a 25 cm fused silica column (75 µm inner diameter, 360 µm outer diameter) heated to
50 ◦C. The column was packed in-house with 1.9 µm ReproSil-Pur 120 C18-AQ particles (Dr.
Maisch, Ammerbuch, Germany). Peptides were separated over a 70-min linear gradient (3
to 20% acetonitrile in 0.1% formic acid) at a flow rate of 300 nL/min. A FAIMS Pro interface
(Thermo Scientific) generated compensation voltages at −50 and −70 V to regulate the entry
of ionized peptides into the mass spectrometer. MS scans (m/z 300 to 1500) were acquired
at resolution 60,000 (m/z 200) in positive ion mode. Peptide fragmentation (minimum
threshold of 1 × 104 precursor ions) was performed with 27.5% HCD collision energy, with
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the resulting MS/MS scans (starting m/z 85) measured at resolution 15,000. Cycle time was
limited to 1.5 s, while the dynamic exclusion period was specified at 40 s.

4.7. Data Analysis

Raw MS files were analysed using Proteome Discoverer 2.4 (Thermo Scientific, Bremen,
Germany). Data were processed with the Sequest HT search engine against a concatenated
database containing the 74,811 forward entries from the UniProt human database (1 De-
cember 2019) and their respective decoy counterparts. Trypsin or ProAlanase (cleaves
C-terminal to proline and alanine residues) was specified as the enzyme and a maximum
of five miscleavages was allowed. Precursor and fragment mass tolerances were 10 ppm
and 0.02 Da, respectively. Arginine and lysine carboxyethylation (+72.021129), arginine
methylglyoxal-hydroimidazolone (+54.010565), methionine oxidation (+15.994915), N-
terminal acetylation (+42.010565), N-terminal methionine loss (−131.040485), N-terminal
methionine loss and acetylation (−89.02992) were set as dynamic modifications, with cys-
teine carbamidomethylation (+57.021464) designated a static modification. Protein and
peptide identification false discovery rates were both set at 1%.

Enrichment analysis was performed using the Database for Annotation, Visualization
and Integrated Discovery (DAVID) v6.8 (https://david.ncifcrf.gov/) (accessed 9 December
2021) [19]. The STRING database v11.5 (Search Tool for the Retrieval of Interacting Genes,
available at: http://string-db.org/, accessed 5 January 2022 [19]) was used for construction
of the protein–protein interaction network. Only interactions with an interaction score
greater than 0.95 were included and any disconnected nodes were removed. Remaining
STRING network was exported to Cytoscape [20]. Cluster labels were assigned based on
the KEGG analyses of pathways that were associated with the greatest number of proteins
in that cluster. Venn diagrams were generated using https://bioinformatics.psb.ugent.be/
webtools/Venn/, accessed 8 November 2021.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23073689/s1.
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