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Abstract 

Cytopathology field has undergone significant changes. Indeed, modern 

pathologists play a pivotal role in bridging the knowledge gap between 

conventional microscopic evaluation and novel molecular technologies. 

However, several issues still remain unresolved. One issue is that although 

cytological specimens harbor a higher quality of nucleic acids than  

histological samples, non-FFPE cytological smears require careful validation 

before they can be used for NGS analysis in routine diagnostic practice. 

Another open issue is that since most cytological preparations are unique and 

unrepeatable, they are not suitable for quality control studies across different 

laboratories to evaluate consistency and reproducibility of NGS results on 

cytological specimens. Currently, unlike FFPE material, cytological specimens 

have not yet been used to develop ring trial studies to assess the consistency 

and reproducibility of NGS results.  

Therefore, the overarching goal of my research project was precisely to fill this 

knowledge gap. In particular, in this thesis, I will describe my research activity 

on the development and validation of novel artificial reference standards in 

cytological format. These reference standards, which were distributed to 

different laboratories, allowed us to assess the consistency and reproducibility 

of NGS results on cytological specimens. 

Keywords: molecular cytopathology; cytopathology; artificial reference 

standards; next generation sequencing. 
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Chapter 1  

 

Introduction 

 

Summary: 1.1 Molecular Predictive Pathology – 1.2 Molecular Cytopathology 

– 1.3 The role of modern cytopathologists – 1.4 Next generation sequencing: 

an overview – 1.5 Aim of thesis. 
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1.1 Molecular predictive pathology 

With the advent of ―precision‖ and ―personalized medicine‖, the role of 

anatomic pathologists in cancer diagnosis and treatment has undergone 

significant changes.[1] Indeed, modern pathologists play a pivotal role in 

bridging the knowledge gap between conventional microscopic evaluation and 

novel molecular technologies.[2] In such evolving scenario, molecular 

predictive pathology has become essential to improving the overall clinical 

management of cancer patients.[3-5] Remarkably, the last two decades have 

seen an exponential increase in the number of diagnostic and predictive 

biomarkers. The identification of these biomarkers through the use of 

molecular approaches has enabled clinicians to predict therapeutic  response to 

selective treatments in various types of cancer patients, including metastatic 

colo-rectal cancer (CRC), non-small cell lung cancer (NSCLC), melanoma, 

gastrointestinal stromal tumor (GIST), breast cancer, prostate cancer, and 

central nervous system malignancies. This has significantly improved the 

whole process  of cancer treatment decision-making  and, more broadly, the 

overall survival rates of patients. For instance, in metastatic CRC patients,  

monoclonal antibodies directed against the extracellular domain of the 

epidermal growth factor receptor (EGFR) are administered only in the absence 

of any alterations within exons 2, 3, and 4 of Kirsten Rat Sarcoma Viral 

Oncogene Homolog (KRAS) and Neuroblastoma RAS Viral Oncogene 

Homolog (NRAS) genes.[6-10] In advanced stage NSCLC international 

guidelines from various oncology organizations—namely, the National 

Comprehensive Cancer Network (NCCN), American Society of Clinical 

Oncology (ASCO), and College of American Pathologists (CAP) / 

International Association for the Study of Lung Cancer (IASLC) /  

Association for Molecular Pathology (AMP)—strongly recommend testing for 

a minimum panel of ―must-test genes‖ before administration of tyrosine kinase 

inhibitors (TKIs) or immune-checkpoint inhibitors (ICIs). In particular, to 
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receive TKIs, NSCLC patients must test positive for the following gene 

alterations: EGFR, KRAS and v-Raf murine sarcoma viral oncogene homolog 

B (BRAF) gene mutations, Anaplastic Lymphoma Kinase (ALK), ROS Proto-

Oncogene 1 Receptor Tyrosine Kinase (ROS1), Rearranged During 

Transfection (RET) and Neurotrophic Receptor Tyrosine Kinase (NTRK) 1, 2 e 

3 gene rearrangements, and MET Proto-Oncogene, Receptor Tyrosine Kinase 

(MET) exon 14 skipping alterations. Instead, to receive ICIs, patients must 

exhibit high expression levels of Programmed death-ligand 1 (PD-L1).[11-38] 

For the other types of cancers, testing for genomic alterations in BRAF, NRAS, 

and KIT Proto-Oncogene (KIT) is highly recommended for melanoma 

patients, whereas testing for KIT and Platelet Derived Growth Factor Receptor 

Alpha (PDGFRα) is recommended for GIST patients. For breast cancer, 

patients should be screened for Breast Related Cancer Antigens (BRCA)1/2 

and Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha 

(PIK3CA), whereas for high grade serous ovarian carcinoma and prostate 

cancer, patients should be tested for BRCA1/2. Finally for central nervous 

system malignancies, patients should be tested for Isocitrate Dehydrogenase 

(NADP(+)) (IDH) 1/2 alterations.[39-45] Beyond NSCLC, recent studies 

recommend molecular testing for PD-L1 expression level in different solid 

tumors before administration of  ICIs.[46] Finally, additional research 

recommends molecular screenings for ―agnostic‖ biomarkers, namely, NTRK 

gene rearrangements and microsatellite instability  (MSI), regardless of the  

specific histological tumor subtypes.[32, 47] Besides the vast array of these 

recently approved biomarkers, increasing numbers of novel therapeutic targets 

continue to emerge. 

 

1.2 Molecular cytopathology 

Analysis of nucleic acids extracted from formalin fixed and paraffin embedded 

(FFPE) tissue specimens has long been the gold standard methodology for 
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molecular testing. However, in a substantial percentage of advanced cancer 

patients, FFPE histological tissue material from biopsies of surgical resections 

is often lacking or insufficient,  mainly because of patients’ comorbidities or 

difficult to reach tumor sites. Thus, in these patients, cytological specimens are 

the only available diagnostic material for both morphological and molecular 

purposes.[48,49] It is in this scenario that molecular cytopathology has made 

its way into routine clinical practice for  diagnostic, prognostic, and predictive 

purposes.[50] Indeed, over the past fifteen years, molecular cytopathology has 

played a pivotal role not only in assessing the molecular status of  biomarkers 

but also in stratifying the risk of malignancy (ROM) for cases morphologically 

classified as ―atypical‖ or as ―undetermined‖.[48,49] 

Our research team and others have amply demonstrated the remarkable 

advantage of cytological specimens over FFPE histological samples. A major 

advantage is that they provide high quality nucleic acids; moreover, it is 

possible to directly assess the adequacy of tissue material through rapid on-site 

evaluation (ROSE).[51,52] Evidence for the possibility of extracting high 

quality DNA/RNA from cytological specimens has been demonstrated in 

several studies investigating the interchangeability between histological and 

cytological samples for molecular analysis. For instance, Sun et al 

demonstrated a high degree of concordance (91.7%) between histological and 

cytological preparations for the assessment of EGFR molecular status in lung 

adenocarcinoma patients.[53] Similarly, in our laboratory experience, 

Malapelle et al obtained a comparable percentage of EGFR mutated cases 

(8.5% versus 8.8% in histological and cytological specimens, 

respectively).[54] Building on these encouraging data, our laboratory has also 

demonstrated the feasibility of analyzing cytological samples via next 

generation sequencing (NGS) technologies. Our study results have shown how 

the routine  application of NGS in clinical practice can streamline the whole 

testing process of tumor mutation analysis in advanced stage cancer.[55]      
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1.3 The role of modern cytopathologists 

In the novel scenario of molecular cytopathology, cytopathologists have 

acquired a central role in the management of cytological specimens for morph-

molecular analysis.[56] In particular, the role of today’s cytopathologists goes 

way beyond traditional morphological evaluation. They are now fully involved 

in the evaluation of the highly complex molecular spectra underlying tumor-

associated mutations. In such context, modern cytopathologists contribute to 

treatment decision making by ensuring that all patients receive the best 

treatment options available for them.[1,3,48,49,56] Thus, owing to their 

morph-molecular skills, modern cytopathologists act as liaisons between 

clinicians, technicians, and molecular biologists in the molecular predictive 

pathology workflow of cytological samples.[48,56] In particular, they have 

become  instrumental in the pre-analytical phases of molecular workflows 

(Figures 1 and 2).[48,49,56] 
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Figure 1. The role of cytopathologist in molecular testing. A cytopathologist 

plays a different role when molecular testing is performed prospectively at the 

moment of the diagnosis (A) or when the test is ordered by an oncologist on 

an archival sample (B). In (A), a cytopathologist is also responsible for triage 

decisions on how to manage the specimen. In this setting, ROSE is crucial to 

ensure sample adequacy for morphological diagnosis, ancillary techniques, 

and molecular analysis. In (B), a cytopathologist has to review cytopathology 

reports and archived materials to select the best quality sample among several 

preparation types with varying suitability, having the responsibility to cancel 

the request for molecular assay whenever the cellularity, even after tumor cell 

enrichment, is below the analytical sensitivity of the molecular assay. 

Regardless of whether the test is performed in-house or in referral laboratories, 

cytopathologists must evaluate the results critically before integrating them in 

the original cytological diagnostic report. CB, cell block; FNC, fine needle 

cytology; IHC, immunohistochemistry; LBC, liquid-based cytology; ROSE, 

rapid onsite evaluation.[56]  
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Figure 2. Molecular cytopathology workflow. After microscopy, evaluation of 

neoplastic cell content whilst avoiding contaminants (A) is carried out by 

manual dissection of cytological samples (B) or, in particularly difficult cases, 

by laser microdissection (C) before extraction of nucleic acids (D). Extracted 

DNA/RNA is adequately adopted for next generation sequencing analysis, 

specifically hybrid-capture-based (E) or amplicon-based (F) platforms, to 

define the molecular status of clinically relevant biomarkers (G).[48]  
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In this setting, cytopathologist have also acquired a central role in the triage 

and management of tissue material through the implementation of several 

additional auxiliary techniques. One of these is ROSE, which allows 

cytopathologists to obtain adequate and sufficient material for morph-

molecular purposes. Another technique is reflex testing, which allows   

cytopathologists to directly request biomarker analysis at the time of 

morphological diagnosis. Our clinical laboratory and others have indeed 

demonstrated that this procedure is instrumental in reducing  turnaround time 

(TAT) from morphological diagnosis to therapy 

administration.[1,48,49,56,57]  

Conversely, in the vast majority of cases, clinicians have to request archival 

tissue specimens for molecular analysis. In particular, cytopathologists, as 

―custodians‖ of the tissue material, must first retrieve and then examine  

specimens from the archives to identify high quality specimens for molecular 

testing. This means that they must identify only those cell block (CB) sections 

or smears with the highest neoplastic cell content while avoiding any 

contaminants (e.g. mucus, necrosis, non neoplastic cells, etc.) that could  

interfere with the molecular analysis.[52,56]. When archived samples are not 

suitable for molecular analyses, cytopathologist must cancel the request.[56] 

In all cases, cytopathologist must integrate the molecular data in the final 

diagnostic report.[48,49,56]  

 

1.4 Next generation sequencing: an overview 

The introduction of NGS into the molecular diagnostic workflow of 

laboratories has dramatically changed how molecular predictive pathology and 

molecular cytopathology are performed.[1,2,55] In particular, the staggering 

increase in novel biomarkers and the need to optimize precious tissue material 

for morph-molecular analysis in the shortest time possible has led to an 

inevitable shift from single-gene testing methodologies to NGS technologies. 



14 

 

Impressively, as opposed to single-gene testing techniques, like Sanger 

sequencing, for instance, these technologies are able to analyze different 

genomic alterations for different patients, simultaneously, even in the presence 

of low nucleic acid input.[55,58-61] This phenomenon is determined by the 

ability of these platforms to generate thousands of millions of sequences, 

generally called ―reads‖, for each NGS run.[62] As a result, each single 

nucleotide is read several times with a significant improvement in analytical 

sensitivity.[63] Finally, although the implementation of NGS was at first 

rather daunting for most clinical laboratories, both in terms of costs and TAT,  

today’s increasing development of bench-top NGS platforms  has significantly 

reduced sequencing costs and TAT, making its adoption more sustainable and 

practical for most laboratory analytical purposes.[59,64,65]   

From a technical perspective, NGS workflows, regardless of the platform, are 

characterized by four basic steps:  

1) Library preparation. 

2) Clonal amplification of a single fragment. 

3) Massive parallel sequencing. 

4) Data analysis. 

In brief, in the first step, DNA fragments are captured to generate a genomic 

library. In this phase and for predictive purposes, several commercially 

available or laboratory developed gene panels, covering different genes, may 

be employed.[61,66-71] Two different capture systems may be adopted. One 

approach, employed by Illumina (Illumina, San Diego, CA, USA) platforms, 

adopts a hybridization system endowed with a mixture of probes specifically 

designed to match DNA regions within the panel of genes.[72] The other  

approach, adopted by Ion Torrent (Thermo Fisher Scientific, Waltham, MA, 

USA) platforms, employs multiple primer pairs to determine target capture by 

polymerase chain reaction (PCR).[73] Overall, regardless of the strategy 

adopted to generate libraries, each single fragment end is covalently linked to 
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a synthetic DNA sequence (adapters) by a DNA ligase. This phase is 

fundamental to obtain clonal amplification. In addition, adapters must contain 

specific barcodes, unique for each patient.[55] After this phase, genomic 

libraries are quantified.[74]  

Once a genomic library is prepared, clonal amplification of each single 

fragment is carried out. Clonal amplification can be achieved either on a solid 

support on a flat glass microfluidic channel (flow cell) with the Illumina 

platform, or on an emulsion PCR with the Ion Torrent platform.[75,76]  

After clone amplification, the third step, namely, massive parallel sequencing 

is undertaken by using either Illumina or Ion Torrent platforms. A  sequencing 

by synthesis approach is adopted by the two different platforms to generate 

thousands of millions of reads in each run.[77]  In particular, in the Illumina 

platform, DNA fragments, clonally amplified within a flow cell and linked to 

complementary primers, are adopted as molds in the sequencing by synthesis 

phase and fluorescently labeled with reversible dye terminators nucleotide are 

adopted.[75] Conversely, in Ion Torrent platforms, clonal amplification of 

each single DNA fragments takes place on a bead that fits into a well inside a 

silicon chip acting as a reaction chamber.[76] In this case, because of the 

absence of labels, individual nucleotides are provided in a systematic order. 

Interestingly, upon nucleotide incorporation, pH changes associated with a 

release of hydrogen ion (H+) within each individual well are registered.[76] 

Lastly, the final step involves data analysis. In this phase, the thousands of 

millions of generated reads are aligned to a reference human genome. This 

crucial step requires adequate bioinformatics pipelines.[78]   

 

1.5 Aim of thesis 

In spite of the thoroughly documented improvements in the field of molecular 

cytopathology,[79] several issues still remain unresolved. One issue is that 
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although cytological specimens harbor a higher quality of nucleic acids than  

histological samples, non-FFPE cytological smears require careful validation 

before they can be used for NGS analysis in routine diagnostic 

practice.[48,49,80] Another open issue is that since most cytological 

preparations are unique and unrepeatable, they are not suitable for quality 

control studies across different laboratories to evaluate consistency and 

reproducibility of NGS results on cytological specimens.[48,49] Not 

surprisingly, unlike FFPE material,[81] cytological specimens have not yet 

been used to develop ring trial studies to assess the consistency and 

reproducibility of NGS results.  

Therefore, the overarching goal of my research project was precisely to fill 

this knowledge gap. In particular, in this thesis, I will describe my research 

activity on the development and validation of novel artificial reference 

standards in cytological format. These reference standards, which were 

distributed to different laboratories, allowed us to assess the consistency and 

reproducibility of NGS results on cytological specimens.  
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Chapter 2   

 

Consistency and reproducibility of next-generation sequencing and other 

multigene mutational assays: A worldwide ring trial study on quantitative 

cytological molecular reference specimens 

 

Summary: 2.1 Introduction – 2.2 Materials and Methods – 2.2.1 Study design 

– 2.2.2 Statistical analysis – 2.3 Results – 2.3.1 Multigene testing approaches – 

2.3.2 Slide A – 2.3.3 Slide B – 2.3.4 Slide C – 2.3.5 Slide D – 2.4 Discussion. 
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2.1 Introduction 

As I already pointed out in the previous chapter, molecular cytopathology 

plays a key role in the assessment of clinically relevant biomarkers in 

advanced stage cancer patients, in particular NSCLC patients. The reason is 

that for most of these patients, cytological samples are the only material 

available for first diagnosis and possibly mutation profiling. [1,2,48,49,52,82] 

As a general rule, needle aspirated material from cancer lesions is smeared 

onto slides, whereas residual needle rinses are collected in formalin to obtain 

FFPE CBs for ancillary studies.[82] Smears can be suitable for molecular 

analysis in cases with unavailable or inadequate CBs.[13,52] Remarkably, 

owing to the increasing number of biomarkers that are tested in molecular 

predictive pathology laboratories, shifting from single gene testing to NGS 

approaches has proven crucial.[55] In addition, to ensure that no patient is left 

behind, molecular cytopathologists should thoroughly validate NGS platforms 

on non-FFPE cytological specimens. Although recent studies from single 

institutions have demonstrated the suitability of cytological smears for NGS 

analysis,[48,49,52,70,83-86] no multicenter experience has ever been reported 

in the literature. This phenomenon stems from the unique and unrepeatable 

nature of cytological smears. Thus, a ring trial involving different laboratories 

to evaluate the consistency and reproducibility of NGS results on non-FFPE 

cytological preparations has not yet been carried out.  

To fill this knowledge gap, just a few years ago, a first ring trial study was 

carried out by the Molecular Cytopathology Meeting Group—a  group, made 

up of highly specialized molecular cytopathologists who regularly participate 

in the Molecular Cytopathology Meetings regularly held in Naples (Italy) 

every year.[87] Spearheaded by our research team, this ring trial evaluated the 

consistency and reproducibility of NGS results on artificial reference 

standards in cytological format engineered to harbor DNA-based genomic 

alterations at different allelic frequencies. The artificial samples, which were 
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distributed to several international laboratories belonging to the Group, were 

meant to mimic routine diagnostic cytological samples.[88] 

 

2.2 Materials and Methods 

2.2.1 Study design 

This worldwide ring trial study was planned and led by our laboratory and 

involved a total of 16 laboratories belonging to the Molecular Cytopathology 

Meeting Group (Figure 3).  
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Figure 3. Study design. (A) MCF10A, SW48, and RKO cell lines, genetically 

modified by Horizon Diagnostics to harbor mutations in EGFR, KRAS, NRAS, 

BRAF, and PIK3CA, were used to generate slides harboring mutant alleles at 

different dilution points (10%, 5%, 1%, and 0%) validated by digital 

polymerase chain reaction. The study coordinator center at the University of 

Naples Federico II (B) evaluated the DNA quantity and quality with the 4200 

TapeStation system (Agilent Technologies, Santa Clara, CA, USA) and (C) 

validated the mutant allele frequency by next-generation sequencing. (D) After 

validation, sets of unstained slides were distributed to 16 different laboratories, 

and complete results were obtained from 14 institutions, whose logos, 

extraction modalities, and platforms are shown. BRAF indicates B-Raf proto-

oncogene, serine/threonine kinase; EGFR, epidermal growth factor receptor; 

KRAS, Kirsten rat sarcoma viral oncogene homolog; NRAS, neuroblastoma 

RAS viral [v-ras] oncogene homolog; PIK3CA, phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic subunit α; WT, wild type.[88] 
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To  generate for the first time artificial reference standards in cytological 

format, we contacted Horizon Diagnostics (Cambridge, UK), a company 

specialized in the production of artificial controls for ring trials. Briefly, a 

panel of five clinically relevant mutations, namely, EGFR c.2235_2249del 

p.E746_A750del, KRAS c.35G>A p.G12D, NRAS c.182A>T p.Q61L, BRAF 

c.1799T>A p.V600E and PIK3CA c.3140A>G p.H1047R, was defined in a 

preliminary meeting. Before mass production of engineered slides, a prototype 

set of slides harboring BRAF c.1799T>A p.V600E and PIK3CA c.3140A>G 

p.H1047R was produced by Horizon Diagnostics and subsequently analyzed 

in our laboratory by our custom NGS panel (SiRe®),[69] on Ion Torrent 

Personal Genome Machine (PGM, Thermo Fisher Scientific). Both mutations 

were correctly identified (Table 1).   
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Table 1. For each prototype preparation (1-3), two slides (A and B) were processed. 

Each slide reports  DNA integrity number (DIN) and DNA concentration (ng/µl). All 

prototype slides underwent NGS in duplicate (first and second run). In all instances, 

both BRAF c1799T>A (p.V600E) and PIK3CA c.3140A>G (p.H1047R) mutations 

were simultaneously detected at single dilution point per mutation (BRAF Allele 

frequency (AF) 67%; PIK3CA AF 51%).[88] 
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On the basis of these promising preliminary results, MCF10A, SW48, and 

RKO cell lines were genetically engineered with adenovirus vectors to harbor 

EGFR c.2235_2249del p.E746_A750del, KRAS c.35G>A p.G12D, NRAS 

c.182A>T p.Q61L, BRAF c.1799T>A p.V600E and PIK3CA c.3140A>G 

p.H1047R mutations. In brief, to generate different allelic frequency dilution 

points of each alteration, engineered cell lines were titrated against MCF10A 

wild-type cell line. Then, engineered cells were grown in culture, released 

with trypsin and counted by NucleoCounter® NC-100™ (ChemoMetec, 

Lillerød, Denmark). Each slide contained a specific number of engineered 

cells (2 x 10
6
). Overall, to better resemble diagnostic clinical routine 

cytological samples, slides A, B, and C contained the engineered mutations at 

10%, 5% , and 1% allelic frequency. Conversely, slide D did not contain any 

genomic alterations (wild-type control). Artificial reference standards in 

cytological format were Diff-Quik stained and scanned with NanoZoomer 3.0 

(Hamamatsu, Hamamatsu City, Japan) to evaluate the distribution on each 

slide. 

During the validation phase, artificial reference standards (unstained, non-

coverslipped Diff-Quik–stained, and coverslipped Diff-Quik–stained) were 

analyzed by our laboratory and Horizon Diagnostics with the Ion Torrent 

PGM (Thermo Fisher Scientific) platform and digital PCR (dPCR), 

respectively. Overall, all mutations were correctly identified on slides A, B, 

and C; slide D was properly detected as wild-type (Table 2). 
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Table 2. Multigene Reference Standards (Slides A-C) harboring engineered 

mutations and relative AFs validated by digital PCR at Horizon Diagnostics 

and by Ion Torrent NGS at the University of Naples Federico II.[88] 
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After the validation phase, sets (A-D) of unstained air-dried slides were sent to 

each participating laboratory. All laboratories carried out a blind molecular 

analysis following their routine molecular workflows (Table 3).  
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Table 3. Overview of the location, extraction method, quantitation method, 

and multigene mutation detection methods of each laboratory.[88] 
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As recommended by the international guideline, molecular results were 

provided to the coordinating center within 10 weekdays. Only data regarding 

hotspot mutations in EGFR, KRAS, NRAS, BRAF and PIK3CA genes, together 

with information on the DNA extraction procedures and genotyping methods, 

were recorded. At the end of the study, the results and allelic frequency data of 

engineered artificial reference standards were provided to the participating 

institutions.[88]  
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2.2.2 Statistical analysis 

The statistical analysis was carried out by the Matlab statistics toolbox 

(version 2008; MathWorks, Natick, MA, USA) for Windows (32-bit). Data 

were reported as numbers and percentages for categorical variables and as 

means and standard deviations for continuous data (Table 4). 
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Table 4. Mean percentages of five gene mutations obtained in 12 different 

laboratories. In addition heterogeneity index I
2
 statistic with confidence 

intervals at 95% and p value were described.[88] 
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Levene’s test for equality of variances was carried out according to the  

reported percentage of the engineered alterations for every set of mutations. 

Regarding the NGS data, the heterogeneity I
2
 statistic test was performed to 

evaluate the variations in the allelic frequency data. Overall, this parameter, 

which calculates the percentage of observed total variation across studies that 

is due to real heterogeneity rather than chance, is calculated as follows: 

I
2
 = 100% x (Q – df)/Q 

In this formula, Q refers to Cochran’s statistical heterogeneity, and df refers to 

the degrees of freedom. Overall, an  I
2 

value can range from 0% to 100%; 

negative values are considered to be equal to 0%. As a general rule, 0% 

represents no observed heterogeneity, whereas 100% designates the highest 

observed heterogeneity. In addition, box plots were adopted to summarize the 

percentage variability of laboratory allelic frequency reported for each gene 

mutation in slides A, B, and C (Figure 4).  
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Figure 4. Box plots summarizing allele frequencies observed across 

laboratories taking part in the ring trial. The bottom and top of each box 

represent the first and third quartiles of the distribution, respectively, whereas 

the red line between them indicates the median value. Whiskers include values 

within 1.5 times the interquartile range. All other values are reported as 

outliers. Each gene (G) and each slide dilution (A and B) is reported 

separately: G1 (EGFR c.2235_2249del p.E746_A750del), G2 (KRAS 

c.35G>A p.G12D), G3 (NRAS c.182A>T p.Q61L), G4 (BRAF c.1799T>A 

p.V600E), and G5 (PIK3CA c.3140A>G p.H1047R). BRAF indicates B-Raf 

protooncogene, serine/threonine kinase; EGFR, epidermal growth factor 

receptor; KRAS, Kirsten rat sarcoma viral oncogene homolog; NRAS, 

neuroblastoma RAS viral [v-ras] oncogene homolog; PIK3CA, 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α.[88] 
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Finally, significant differences between Illumina (Illumina) (group 1) and Ion 

Torrent (Thermo Fisher Scientific) approaches (group 2), adopted by four and 

seven laboratories, respectively, were considered (Table 5).  
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Table 5. Mean percentages of mutant allelic frequency for slide A and B 

estimated by Illumina (Group 1) and Ion Torrent (Group 2) methodologies. 

ANOVA test was performed to compare mean percentages between the 

groups. No significant differences were observed  between Illumina and Ion 

Torrent based methods in terms of mutant allelic frequency estimation except 

for PIK3CA c.3140A>G p.H1047R  in slide B.[88] 
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Finally, all the data from our laboratory (Table 2) were analyzed.[88] 

 

2.3 Results 

2.3.1 Multigene testing approaches 

Overall, molecular data from 15/16 (93.8%) participating laboratories were 

submitted to the coordinating center for final analysis. Only one laboratory 

failed to provide its data within the cutoff date and was therefore excluded 

from the final analysis. With the exception of one laboratory, the vast majority 

of  the 14 laboratories adopting NGS platforms (n = 11, 78.6%) provided 

complete and adequate reports. Among these, Ion Torrent (Thermo Fisher 

Scientific) was the most widely adopted one (6/11, 54.5%) followed by 

Illumina (Illumina) (4/11, 36.4%) and 454 GS Junior (Roche Diagnostics, 

Basel, Switzerland) (1/11, 9.1%) (Table 6).[88] As for the remaining 

laboratories, two (14.3%) employed a matrix-assisted laser 

desorption/ionization-time of flight (MALDI-TOF) approach on the 

MassARRAY system (Agena Bioscience, Hamburg, Germany), whereas one 

(7.1%) adopted a laboratory-developed Taqman real-time PCR (RT-qPCR) 

approach. However, despite the high sensitivity shown by this last approach, 

this assay did not cover PIK3CA c.3140A>G p.H1047R alterations.[88] 
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Table 6. Overall results obtained for Slides A, B, and C from 14 laboratories 

joining the study with reference to the platforms and gene panels.[88] 
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2.3.2 Slide A 

All laboratories correctly genotyped the engineered mutations on slide A, with 

the exception of the PIK3CA gene alteration in the laboratory adopting the 

Taqman RT-qPCR approach (Figure 5).  
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Figure 5. Heat map showing the true (green) false negative (red) results 

concerning the engineered mutations among the participating institutions. 

Purple indicates the gene alteration not covered by the assay.[From the 

internal archives of the Molecular Predictive Pathology Laboratory at the 

Department of Public Health of the University of Naples ―Federico II‖] 
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Interestingly, the values of allelic frequencies detected by the laboratories 

employing NGS platforms were very close to those detected by the 

manufacturer (p = 0.171) (Figure 4 and Table 4). Overall, the mean values of 

allelic frequency plus or minus the standard deviation were 10.03%±1.67% 

(EGFR c.2235_2249del p.E746_A750del), 10.27%±1.24% (KRAS c.35G>A 

p.G12D), 9.73%±1.09% (NRAS c.182A>T p.Q61L), 10.37%±0.84% (BRAF 

c.1799T>A p.V600E) and 11.11%±1.22% (PIK3CA c.3140A>G p.H1047R) 

(Table 4). The comparative study between the laboratories adopting Illumina 

(Illumina, group 1) and Ion Torrent (Thermo Fisher Scientific, group 2)  did 

not show any statistical significance in the allelic frequency of the detected 

gene alterations (Figure 6 and Table 5). 
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Figure 6. The mean percentage of each mutated gene is graphically reported 

on slides A and B with respect to the platforms used: Illumina (adopted by 4 

laboratories [group 1]) and the Ion Torrent Personal Genome Machine System 

(adopted by 7 laboratories [group 2]). BRAF indicates B-Raf proto-oncogene, 

serine/threonine kinase; EGFR, epidermal growth factor receptor; KRAS, 

Kirsten rat sarcoma viral oncogene homolog; NRAS, neuroblastoma RAS viral 

[v-ras] oncogene homolog; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-

kinase catalytic subunit α.[88] 
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Remarkably, although the two laboratories (#1 and #11) adopting MALDI-

TOF platforms were able to genotype all engineered mutations correctly, an 

overestimation of allelic frequency was observed in EGFR (20%), KRAS 

(21%), NRAS (15%) and PIK3CA (13%), whereas an underestimation was 

reported in BRAF (8%) (Table 6).  

 

2.3.3 Slide B 

As seen on slide A, all the laboratories employing NGS platforms were able to 

identify all engineered mutations with allelic frequencies very close to those 

detected by the manufacturer (p = 0.063) (Figures 4, 5 and Table 4). Overall,  

the mean values of allelic frequency plus or minus the standard deviation were 

5.33%±1.62% (EGFR c.2235_2249del p.E746_A750del), 5.13%±1.19% 

(KRAS c.35G>A p.G12D), 5.02%±0.74% (NRAS c.1824A>T p.Q61L), 

5.80%±0.77% (BRAF c.1799T>A p.V600E) and 5.95%±0.76% (PIK3CA 

c.3140A>G p.H1047R) (Table 4). As opposed to the other comparative 

analysis, in this case,  laboratories adopting Illumina (Illumina, group 1) or Ion 

Torrent (Thermo Fisher Scientific, group 2) showed a statistically significant 

difference (p = 0.0383) in the allelic frequency of only PIK3CA gene mutation 

(Figure 6 and Table 5). On the other hand, laboratories (#1 and #11) adopting 

MALDI-TOF technology failed to detect NRAS c.1824A>T p.Q61L and 

PIK3CA c.3140A>G p.H1047 in one instance (11#), and NRAS c.1824A>T 

p.Q61L, PIK3CA c.3140A>G p.H1047 and BRAF c.1799T>A p.V600E in the 

other (#1). Moreover, as seen on slide A, MALDI-TOF platforms 

overestimated the allelic frequency in all the detect alterations (Table 6). By 

contrast, the  laboratory (#13) employing the RT-qPCR approach was able to 

identify all the alterations covered by the assay (Figure 5 and Table 6).[88] 
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2.3.4 Slide C 

Of all the laboratories adopting NGS platforms, three cases  (#7, #8 and #12) 

were unable to identify genomic alterations. This was because the variant 

calling threshold for the automatic calling of variants was set at 5%. 

Conversely, three (#5, #10 and #14) and two (#2 and #3) laboratories were 

able to identify three and four out of five engineered mutations, respectively 

(Figure 5 and Table 6). Only three laboratories (#4, #6 and #9) were able to 

detect all engineered alterations (Figure 5 and Table 6). For this slide, the 

mean values of allelic frequency plus or minus the standard deviation were 

1.24%±0,35% (EGFR c.2235_2249del p.E746_A750del), 1.10%±0.34% 

(KRAS c.35G>A p.G12D), 1.12%±0.33% (NRAS c.182A>T p. Q61L), 

1.34%±0.44% (BRAF c.1799T>A p.V600E) and 0.96%±0.08% (PIK3CA 

c.3140A>G p.H1047R) (Table 4). The two laboratories (#1 and #11) adopting 

MALDI-TOF technology were unable to detect any of the engineered 

mutations. However, laboratory #1, which used an orthogonal RT-qPCR 

assay, confirmed the presence of all mutations on the slide, thereby 

emphasizing  the low sensitivity of the MALDI-TOF. As for slides B and C, 

the laboratory (#13) employing the  RT-qPCR approach was able to identify 

all the alterations covered by the assay (Figure 5 and Table 6).[88]   

 

2.3.5 Slide D 

All laboratories correctly genotyped slide D as wild-type for the engineered 

alterations. In addition, almost all laboratories identified additional gene 

mutations associated with the genetic background of the adopted cell lines 

(e.g. EGFR c.2155G>A p.G719S). These cells lines had not been used for the 

final analysis owing to a lack of validation during the preliminary phases of 

the study. Finally, because of the low allelic frequencies reported for slide C 

by the different laboratories, laboratory #13 re-analyzed the residual DNA of 

all slides (A-D) with the GeneReader NGS platform (Qiagen, Hilden, 
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Germany). The results showed a mean value of  allelic frequency close to that  

detected by the manufacturer (Table 7).[88]  
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Table 7. Results were obtained by laboratory #13 using the NGS GeneReader 

(Qiagen, Hilden, Germany) platform on residual DNA relative to slide A – D. 

BRAF indicates B-Raf proto-oncogene, serine/threonine kinase; EGFR, 

epidermal growth factor receptor; KRAS, Kirsten rat sarcoma viral oncogene 

homolog; NRAS, neuroblastoma RAS viral [v-ras] oncogene homolog; 

PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α, 

ND, not detected.[88] 
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2.4 Discussion 

In the era of ―precision‖ and ―personalized medicine‖, all advanced stage 

cancer patients should undergo multigene molecular testing before treatment 

administration and clinical trial enrollment.[89-91] The main obstacle for 

these patients is the scarce availability, or total lack thereof, of analyzable 

tissue material. Therefore, a possible solution to overcome this issue is to use   

cytological samples. However, whereas plenty of adequate quality control 

studies have assessed the consistency and reproducibility of FFPE tissue 

samples for molecular analysis, no data have yet been reported for non-FFPE 

cytological specimens. The reason for this paucity of data is that whereas  

FFPE sections from histological blocks can be easily shipped to different 

laboratories to compare inter-laboratory reproducibility and optimize the 

different phases of molecular testing, non-FFPE cytological samples cannot be 

distributed or replaced after molecular analysis owing to their unique and 

unrepeatable nature. Thus, unlike FFPE tissue samples, which are widely used 

in multicentric ring trials to refine the processes involved in both the pre-

analytical and analytical phases[92], non-FFPE cytological samples,  

particularly direct smears, do not lend themselves to molecular testing 

analyses, let alone ring trail studies.  

Accordingly, to overcome these limitations, our clinical research laboratory 

has designed, developed, and validated, for the first time, artificial reference 

standards in cytological format to better resemble cytological routine 

diagnostic samples.[88] For this purpose, clinically relevant genomic 

alterations in five different genes (EGFR, KRAS, NRAS, BRAF and PIK3CA) 

were engineered into cell lines. In particular, after the validation of a 

prototype, sets of slides (A-D), with 2 x 10
6 

cells harboring mutations at 

different dilution points were prepared and distributed to the participating 

laboratories.[88] Overall, our data showed that NGS platforms generated   

excellent, consistent, and reproducible results in all laboratories for slides A 
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(10%) and B (5%) both in terms of detection of engineered mutations and 

evaluation of  allelic frequencies. Conversely, two laboratories (#1 and #11) 

adopting MALDI-TOF platforms failed to detect all engineered mutations and  

to estimate allelic frequencies correctly.[88] However, all laboratories 

employing NGS platforms registered the highest number of false negative 

results on slide C (1%). Most likely, these results were due to the fact that the 

bioinformatics pipelines adopted by the laboratories set a variant calling 

threshold at 5% for the automatic calling of variants.[88] In such cases, a  

possible solution would be to carry out a visual inspection of the sequencing 

reads. Thus, careful attention should be paid to define a more uniform 

approach to identify and report mutations below a threshold of 5%.[93,94] Our 

data, additionally highlighted that laboratory performance was not hampered 

by the nature of the genomic alterations (point mutations versus deletions). 

Altogether, such insightful data demonstrate the suitability of artificial 

reference standards in cytological format for inter-laboratory ring trial studies.  
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Chapter 3   

 

Consistency and reproducibility of next-generation sequencing in 

cytopathology: A second worldwide ring trial study on improved 

cytological molecular reference specimens 

 

Summary: 3.1 Introduction – 3.2 Materials and Methods – 3.2.1 Study design 

– 3.2.2 Statistical analysis – 3.3 Results – 3.3.1 Multigene testing approaches – 

3.3.2 First-look analysis – 3.3.2.1 Slide A – 3.3.2.2 Slide B – 3.3.2.3 Slide C – 

3.3.2.4 Slide D – 3.3.3 Second-look analysis – 3.3.3.1 Slide A – 3.3.3.2 Slide 

B – 3.3.3.3 Slide C –3.3.4 Differences between first- and second-look analyses 

– 3.4 Discussion. 
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3.1 Introduction 

The tie between cytological samples and NGS platforms for molecular 

analysis has never been closer and stronger than in recent years. This 

phenomenon is likely to increase even further as the number of diagnostic, 

prognostic, and therapeutic biomarkers continues to grow.[48,49,55,95] For 

example, the recently established CAP/IASLC/AMP molecular testing 

guidelines for selecting advanced stage NSCLC patients for TKI targeted 

treatments clearly state the suitability of cytological samples for molecular 

assessments.[13,96] However, as I already pointed out in the previous chapter, 

the full implementation of cytological specimens in routine clinical practice     

is still thwarted by two major  limitations. One limitation is that the diagnostic 

and predictive values of cytological specimens, in particular non-FFPE 

samples, still need careful NGS validation before they can be implemented in  

clinical practice. The other, and equally critical limitation, is that the adoption 

of cytological slides for molecular analyses may entail sacrificing the 

morphology of the slides.[48,49]  

One possible solution to avoid sacrificing the morphology of cytological slides 

is to adopt artificial reference standards in cytological format. In fact, these 

controls, which are developed with engineered cell lines, can be exploited  in 

inter-laboratory ring trial studies.[88] In this setting, considerable progress has 

been made with the development of clustered regularly interspaced short 

palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) 

technology.[97,98] Indeed, this technology enables the manipulation of cell 

lines by introducing different mutations, including point mutations and 

insertions/deletions (indels). In a previous experience, our laboratory 

coordinated a worldwide inter-laboratory ring trial study in which a novel 

artificial reference standard in cytological format was validated. Briefly, we 

engineered cell lines to harbor hotspot mutations within five major driver 

mutations, i.e.,  EGFR, KRAS, NRAS, BRAF and PIK3CA at different allelic 
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frequencies. Each slide, generated in a cytocentrifuge/cytospin format to 

resemble cytological routine practice samples, contained 2 x 10
6 

cells. 

Following the preliminary validation phase, a set of slides was distributed to 

15 laboratories worldwide to assess the consistency and reproducibility of 

multigene testing analysis. Our results highlighted a high performance rate of 

NGS platforms on these artificial reference standards in cytological format, 

whereas less than optimal results were obtained with other approaches 

(MALDI-TOF).  

Despite the promising results,  our study had some limitations. One limitation 

was that  DNA was extracted from unstained slides owing to a significant loss 

of cells during the traditional cytological staining procedures (Diff-Quik or 

Papanicolaou). The second limitation was that the number of cells per slide 

was quite high.[88]  

Thus, to better resemble the cytological specimens of routine diagnostic 

practice, in this second ring trial study, we developed artificial reference 

standards with fewer cells (2 x 10
5
) and adopted traditional cytological 

staining procedures. In addition, all participating laboratories were asked to 

adopt only NGS platforms.[99]       

 

3.2 Materials and Methods  

3.2.1 Study design 

This second worldwide ring trial was designed and directed by our laboratory, 

The University of Texas MD Anderson Cancer Center (Houston, TX, USA),  

the University of Pittsburgh Medical Center (Pittsburgh, PA, USA), all in 

collaboration with AccuRef Diagnostics (Milpitas, CA, USA). Briefly, a panel 

of five clinically relevant mutations, represented by EGFR c.2235_2249del 

p.E746_A750del, EGFR c.2369C>T p.T790M, KRAS c.38G>A p.G13D and 

BRAF c.1798_1799GT>AA p.V600K, was defined in a preliminary meeting. 
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Subsequently, AccuRef used CRISPR/Cas9 technology to engineer a parental 

poorly differentiated colon carcinoma cell line (RKO). Engineered cells were 

grown in standard culture conditions and then mixed to generate cytological 

slides containing  different allelic frequency dilution points in each engineered 

alteration (slide A 10%, slide B 5%, slide C 1%). As in the first ring trial 

study, slide D did not contain any genomic alteration (wild-type control). 

Finally, engineered cells were ethanol-fixed and put onto slides by cytospin 

centrifugation. In addition, each slide was developed to contain 2 x 10
5
 cells 

within a covered area of 10%, thereby better reflecting routine cytological 

samples. Unlike the previous ring trial study, the slide preparation process was 

optimized to ensure correct staining and subsequent DNA extraction. In brief, 

the stained slides were scanned to evaluate cell distribution. In a preliminary 

validation phase, the DNA extracted from the Diff-Quik stained slides was 

analyzed by AccuRef Diagnostics with dPCR in order to assess the allelic 

frequency of each engineered alteration at different dilution points. Multiple 

measurements were taken; the average values of allelic frequency ranged from 

10.49% to 12.36% (slide A), 5.59% to 6.57% (slide B) and 1.17% to 1.38% 

(slide C) (Table 8). As expected, slide D did not harbor any engineered 

mutations.      
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Table 8. Multigene Cytological Molecular Reference Standards (Slides A-C) 

harboring engineered mutations and relative AFs Validated by AccuRef 

Diagnostics with digital polymerase chain reaction.[99] 
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After this preliminary validation phase, a set of unstained slides (A-D) was 

sent to the 17 participating laboratories within the Molecular Cytopathology 

Meeting Group (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 

 

 

Figure 7. Sets of unstained cytological molecular reference slides, harboring 4 

engineered mutations at different dilution points, were distributed to 17 

different laboratories. Each laboratory performed the analysis with its own 

technology. AF indicates allele frequency; BRAF, B-Raf proto-oncogene, 

serine/threonine kinase; EGFR, epidermal growth factor receptor; KRAS, 

Kirsten rat sarcoma viral oncogene homolog.[99] 
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In detail, prior to molecular analysis, all participating laboratories applied their 

own routine staining protocol (Diff-Quik, Papanicolaou or Hematoxylin-

Eosin) to each slide. After that, they extracted DNA from cells and blindly 

analyzed them with their routinely used NGS platform following their own 

internal molecular workflow (Table 9).  
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Table 9. Overview of the locations, extraction methods, quantification 

methods, platforms, panels, LODs, and stains of all 17 laboratories.[99] 
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As stated in the international guideline recommendations, the molecular 

results were then reported to the coordinating center within 10 weekdays. Only 

data regarding hotspot engineered mutations were recorded (see First-look 

subsection of Results section). Conversely, data regarding endogenous 

alterations within cell lines were not recorded for the analysis owing to the 

diversity of genes tested and the lack of dPCR validation (Figure 8). 
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Figure 8. Endogenous genetic alterations detected by the 17 different 

laboratories. ABL1 indicates Abelson murine leukemia viral oncogene 

homolog 1; APC, adenomatous polyposis coli; AR, androgen receptor; BRAF, 

B-Raf proto-oncogene, serine/threonine kinase; CTNNB1, catenin β1; DDR2, 

discoidin domain receptor tyrosine kinase 2; EGFR, epidermal growth factor 

receptor; ERBB3, Erb-B2 receptor tyrosine kinase 3; FGFR, fibroblast growth 

factor receptor; KRAS, Kirsten rat sarcoma viral oncogene homolog; PIK3CA, 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α; SMO, 

smoothened; TP53, tumor protein 53; VHL, Von Hippel-Lindau tumor 

suppressor.[99] 
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Results and allelic frequency data of engineered artificial reference standards  

were provided to participating institutions. Each institution was encouraged to 

re-analyzed its sequencing data and to perform visual inspections to reduce the 

number of possible false-negative results (see Second-look subsection of 

Results section).[99] 

 

3.2.2 Statistical analysis 

The distribution of  the allelic frequencies of the different engineered 

mutations within the artificial reference standards  was reported as medians 

and ranges and was graphically exemplified as box plots. A 95% confidence 

interval (CI) on the median was estimated via the bootstrapping of sample 

distribution with 10,000 replicates. In addition, CIs were adopted to evaluate 

whether there was a tendency to overestimate or underestimate the allelic 

frequency of each alteration. The symmetrical mean absolute percentage error 

(sMAPE) was also adopted to express detection accuracy. Overall, the 

percentage error ranged from 0% to 200%. The nonparametric Mann-Whitney 

test was used to assess differences in allelic frequency among the different 

engineered alterations on each slide; the Wilcoxon signed rank test was 

employed to evaluate differences in allelic frequency between the two rounds 

of the study. All tests were 2-sided, and p values less than 0.05 were 

statistically significant. Statistical analysis was carried out with the R 

computing environment (R Development Core Team, 2018).[99]  

 

3.3 Results 

3.3.1 Multigene testing approaches 

The vast majority of the participating laboratories (15/17, 88.2%) stained the 

slides before DNA extraction as requested. In more detail, Diff-Quik was used 

by nine (60.0%) laboratories, Papanicolaou was used by three (20.0%) 
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laboratories, and Hematoxylin-Eosin was used by three other (20.0%) 

laboratories. Regarding the NGS platforms, Ion Torrent (Thermo Fisher 

Scientific) was used by  11 (64.7%) laboratories, Illumina (Illumina) was used 

by five (29.4%) laboratories, and GeneReader (Qiagen) was used by one 

(5.9%) laboratory (Table 9).[99] 

 

3.3.2 First-look analysis 

Overall, all participating laboratories submitted molecular data within the cut-

off date (Figure 9 and Table 10).[99] 
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Figure 9. Heat map showing the true (green) and false negative (red) results 

concerning the engineered mutations among the participating institutions in 

the first-look analysis.[From the internal archives of the Molecular Predictive 

Pathology Laboratory at the Department of Public Health of the University of 

Naples ―Federico II‖] 
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Table 10. Genotyping results for any single slide (A-C) with allelic frequency 

in the first-look analysis.[99] 
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3.3.2.1 Slide A 

All laboratories correctly genotyped EGFR c.2235_2249del 

p.E746_A750delELREA, EGFR c.2369C>T p.T790M, and KRAS c.38G>A 

p.G13D mutations on slide A. However, only nine (52.9%) laboratories were 

able to detect all the engineered mutations on slide A (Figure 9 and Table 10). 

Regarding allelic frequency, EGFR c.2235_2249del p.E746_A750del 

displayed a median allelic frequency value of 11.40% (95% CI, 9.82%-

12.30%) with a distribution ranging from 6.00% to 18.60%; EGFR c.2369C>T 

p.T790M displayed a median allelic frequency value of 10.00% (95% CI, 

7.80%-11.00%) with a distribution ranging from 5.60% to 25.25%; KRAS 

c.38G>A p.G13D displayed a median allelic frequency value of 11.30% (95% 

CI, 9.60%-12.00%) with a distribution ranging from 5.00% to 15.50%. In 

contrast to the other engineered mutations, BRAF c.1798_1799GT>AA 

p.V600K showed a lower median allelic frequency value (2.50%; 95% CI, 

1.66%-5.00%) with a distribution ranging from 0.00% to 4.00%. Statistically 

significant differences (p < 0.001) in the median values of  allelic frequency  

were observed between BRAF c.1798_1799GT>AA p.V600K and the other 

engineered mutations (p < 0.001) (Figure 10).[99] 
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Figure 10. Box plot showing the distribution of the allele frequency of each gene 

mutation on slide A after the ―first look‖ analysis. Gray rectangle represents the 

bootstrapped 95% CI on the median. A small amount of horizontal jitter was added 

to avoid overlapping.[99] 
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3.3.2.2 Slide B 

All participating laboratories correctly detected EGFR c.2369C>T p.T790M 

and KRAS c.38G>A p.G13D on slide B. Only one (5.9%) laboratory missed 

EGFR c.2235_2249del p.E746_ A750del. Only seven (41.2%) laboratories 

were able to identify BRAF c.1798_1799GT>AA p.V600K mutation (Figure 9 

and Table 10). Regarding the allelic frequency, EGFR c.2235_2249del 

p.E746_A750del displayed an allelic frequency median  value of 6.00% (95% 

CI, 5.24%-7.08%) with a distribution ranging from 0.00% to 8.80%; EGFR 

c.2369C>T p.T790M displayed an allelic frequency median value of 5.10% 

(95% CI, 4.20%-5.30%) with a distribution ranging from 3.90% to 13.85%; 

KRAS c.38G>A p.G13D displayed an allelic frequency  median value of 

6.20% (95% CI, 5.40%-6.90%) with a distribution ranging from 4.00% to 

9.05%. Unlike the other engineered mutations, BRAF c.1798_1799GT>AA 

p.V600K showed a lower allelic frequency  median value (0.00%; 95% CI, not 

assessed) with a distribution ranging from 0.00% to 2.10%. Statistically 

significant (p < 0.001) differences in the  median values of  allelic frequency 

were observed between BRAF c.1798_1799GT>AA p.V600K and the other 

engineered mutations; statistically significant differences  were also observed 

between KRAS c.38G>A p.G13D and EGFR c.2369C>T p.T790M (p = 0.018) 

(Figure 11).[99] 
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Figure 11. Box plot showing the distribution of the allele frequency of each gene 

mutation on slide B after the ―first look‖ analysis. Gray rectangle represents the 

bootstrapped 95% CI on the median. A small amount of horizontal jitter was added 

to avoid overlapping.[99] 
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3.3.2.3 Slide C 

Only four (23.5%) laboratories detected all engineered mutations on slide C. 

In more detail, EGFR c.2235_2249del p.E746_ A750del, EGFR c.2369C>T 

p.T790M, KRAS c.38G>A p.G13D, and BRAF c.1798_1799GT>AA p.V600K 

were correctly identified by 13 (76.5%), 11 (64.7%), nine (52.9%), and four 

(23.5%) laboratories, respectively (Figure 9 and Table 10). Regarding the 

allelic frequency, EGFR c.2235_2249del p.E746_A750del displayed a median 

value of allelic frequency of 1.23% (95% CI, 1.00%-1.96%) with a 

distribution ranging from 0.00% to 2.10%; EGFR c.2369C>T p.T790M 

displayed a median value of allelic frequency of 0.60% (95% CI, 0.20%-

1.20%) with a distribution ranging from 0.00% to 1.42%; KRAS c.38G>A 

p.G13D displayed a median value of  allelic frequency of 1.00% (95% CI, 

0.60%-2.00%) with a distribution ranging from 0.00% to 2.00%. As opposed 

to the other engineered mutations, BRAF c.1798_1799GT>AA p.V600K 

showed a lower median value of  allelic frequency (0.00%; 95% CI, not 

assessed) with a distribution ranging from 0.00% to 1.10%. Statistically 

significant differences in the medium values of  allelic frequency were 

recorded between BRAF c.1798_1799GT>AA p.V600K and EGFR 

c.2235_2249del p.E746_ A750del, and between EGFR c.2369C>T p.T790M 

and KRAS c.38G>A p.G13D (p < 0.001, p = 0.011 and p = 0.041, 

respectively). Statistically significant differences were also observed between 

EGFR c.2235_2249del p.E746_A750del and EGFR c.2369C>T p.T790M (p = 

0.043) (Figure 12).[99] 
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Figure 12. Box plot showing the distribution of the allele frequency of each gene 

mutation on slide C after the ―first look‖ analysis. Gray rectangle represents the 

bootstrapped 95% CI on the median. A small amount of horizontal jitter was added 

to avoid overlapping.[99] 
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3.3.2.4 Slide D 

All laboratories correctly genotyped slide D as the wild-type for the 

engineered alterations. In addition, almost all laboratories identified additional 

gene mutations related to the genetic background of the adopted cell lines that 

were not used for the final analysis owing to a  lack of validation during the 

preliminary phases of the study. Overall, a total of 269 endogenous mutations 

within 18 genes were reported by all participating laboratories on the analyzed 

slides (Figure 9). Remarkably, all laboratories identified a high allelic 

frequency in the BRAF c.1799T>A p.V600E endogenous alteration (ranging 

from 30.30% to 70.00%) on all analyzed slides (68 instances) (Table 11). 
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Table 11. Genotyping results of each slide (A-D) showing allelic frequency of 

endogenous BRAF c.1799T>A p.V600E.[99] 
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3.3.3 Second-look analysis 

After the first-look analysis, data regarding the engineered mutations were 

provided to the participating laboratories;  all institutions were encouraged to 

review sequencing data and perform a visual inspection in order to reduce the 

number of false-negative results (Figure 13 and Table 12).[99] 
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Figure 13. Heat map showing the true (green), false negative (red) results and 

engineered mutations (dark green) identified after the second-look 

analysis.[From the internal archives of the Molecular Predictive Pathology 

Laboratory at the Department of Public Health of the University of Naples 

―Federico II‖] 
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Table 12. Genotyping results of each slide (A-C) with allelic frequency after 

visual inspection of raw data (second look analysis).[99] 
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3.3.3.1 Slide A 

After visual inspection of the sequencing data, all laboratories were able to 

correctly detect all the engineered mutations on slide A (Figure 13 and Table 

12). However, BRAF c.1798_1799GT>AA p.V600K continued to show a 

lower allelic frequency median value (3.30; 95% CI, 2.60%-3.60%) than the 

other engineered mutations (p < 0.001), with a distribution ranging from 

2.50% to 4.00%. This phenomenon was also highlighted by the higher value 

of sMAPE for BRAF c.1798_1799GT>AA p.V600K (98%) compared with the 

other engineered mutations (Figure 14). 
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Figure 14. Box plot showing the distribution of the allele frequency of each gene 

mutation on slide A after the ―second look‖ analysis. Gray rectangle represents the 

bootstrapped 95% CI on the median. A small amount of horizontal jitter was added 

to avoid overlapping.[99] 
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3.3.3.2 Slide B 

All laboratories were able to correctly identify EGFR c.2235_2249del 

p.E746_ A750del, EGFR c.2369C>T p.T790M, KRAS c.38G>A p.G13D 

engineered mutations; only one (5.9%) laboratory failed to identify BRAF 

c.1798_1799GT>AA p.V600K (Figure 13 and Table 12). As on slide A, 

BRAF c.1798_1799GT>AA p.V600K continued to show a lower allelic 

frequency median value (2.00%; 95% CI, 2.00%-2.27%) than other the 

engineered mutations (p < 0.001), with a distribution ranging from 0.00% to 

3.00%. A statically significant difference in allelic frequency was also 

observed between KRAS c.38G>A p.G13D and EGFR c.2369C>T p.T790M (p 

= 0.033). Even on slide B, the value of sMAPE for BRAF 

c.1798_1799GT>AA p.V600K was much higher (four fold) than those 

observed in the other engineered mutations (Figure 15).[99] 
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Figure 15. Box plot showing the distribution of the allele frequency of each 

gene mutation on slide B after the ―second look‖ analysis. Gray rectangle 

represents the bootstrapped 95% CI on the median. A small amount of 

horizontal jitter was added to avoid overlapping.[99] 
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3.3.3.3 Slide C 

After visual inspection, 11 (64.7%) laboratories were able to identify all the 

engineered mutations. However, two (11.8%) laboratories missed EGFR 

c.2235_2249del p.E746_ A750del, five (29.4%) missed EGFR c.2369C>T 

p.T790M, two (11.8%) missed KRAS c.38G>A p.G13D, and four (23.5%) 

missed  BRAF c.1798_1799GT>AA p.V600K (Figure 13 and Table 12). As on 

slides A and B, BRAF c.1798_1799GT>AA p.V600K continued to show a 

lower allelic frequency median value (0.30%; 95% CI, 0.00%-0.54%), with a 

distribution ranging from 0.00% to 1.10%. Statically significant differences in 

allelic frequency were observed between EGFR c.2235_2249del 

p.E746_A750del,  BRAF c.1798_1799GT>AA p.V600K (p = 0.002),  and 

EGFR c.2369C>T p.T790M (p = 0.010); similarly,  significantly statistical 

differences were seen between  KRAS c.38G>A p.G13D, BRAF 

c.1798_1799GT>AA p.V600K (p = 0.011,  and EGFR c.2369C>T p.T790M 

(p = 0.040). As seen on slides A and B, slide C revealed a higher value of 

sMAPE for BRAF c.1798_1799GT>AA p.V600K  than for the other 

engineered mutations (Figure 16).[99]  
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Figure 16. Box plot showing the distribution of the allele frequency of each 

gene mutation on slide C after the ―second look‖ analysis. Gray rectangle 

represents the bootstrapped 95% CI on the median. A small amount of 

horizontal jitter was added to avoid overlapping.[99] 
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3.3.4 Differences between first- and second-look analyses 

Finally, our clinical research laboratory analyzed whether there were any 

statistically significant differences between the median allelic frequency values 

in each artificial reference standard and gene generated in the first look 

analysis and in  the second-look analysis. Overall, statistical significant 

differences were reported for the detection of BRAF c.1798_1799GT>AA 

p.V600K (slide A, p = 0.014; slide B, p = 0.006; slide C, p < 0.001) and KRAS 

c.38G>A p.G13D (slide C, p = 0.036) (Table 13).[99] 
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Table 13. Comparison between first- and second-look analyses for each slide 

and each gene mutation; p values were obtained using the Wilcoxon signed 

rank test. 
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3.4 Discussion 

Although the participating laboratories used different molecular workflows,  

(Table 9), all of them correctly detect EGFR c.2235_2249del 

p.E746_A750del, EGFR c.2369C>T p.T790M, and KRAS c.38G>A p.G13D 

engineered mutations on slide A. Conversely, less than optimal results were 

registered on slides B (5%) and C (1%). In particular, in one instance EGFR 

c.2235_2249del p.E746_A750del was missed on slide B, whereas only seven 

(41.2%) laboratories were able to identify EGFR and KRAS engineered 

mutations on slide C (Figure 9 and Table 10). To better define whether such 

slight discrepancy was ascribable to the application of  different thresholds for 

automatic variant calling set by the bioinformatics pipelines, our research team 

provided the molecular data of the engineered mutations to all the laboratories 

and requested a visual inspection of all the sequencing raw data (second-look 

analysis). Remarkably, thanks to this additional inspection, we observed  

dramatic improvements in mutation detection. For instance, EGFR 

c.2235_2249del p.E746_A750del, which had been  previously missed on slide 

B, was correctly detected. Notable results were also reported for slide C. 

Indeed, 12 (70.6%) laboratories, which  missed EGFR and KRAS engineered 

mutations in the first-look study, correctly identified the mutations. Overall, a 

total of nine (50.0%) out of 18 previously missed alterations were identified 

(Figure 13 and Table 12). Among these, the six mutations  reported in KRAS 

c.38G>A p.G13D substantiated the significant differences in the data 

generated by the first- and second-analyses (p = 0.036) (Table 13).[99]  

On the whole, these results strongly indicate that visual inspections are key to 

identifying complex mutations with low allelic frequency. However, the role 

of visual inspection in reducing false negative results, in particular in those 

cases with a limited number of neoplastic cells, should not be over-

emphasized, for there could be a  preferential amplification of DNA molecules 

from the benign component.  
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Although visual inspection improved detection of engineered mutations 

considerably, some laboratories continued to miss certain alterations. For 

instance, five (29.4%) laboratories failed to identify EGFR c.2369C>T 

p.T790M on slide C.[99] Generally, the high number of false negative results 

at this low dilution point does not  represent a diagnostic issue in the molecular 

predictive pathology field since the lowest limit of detection on tissue 

specimens for clinical relevance is set at 5%. This cut-off has been established  

for EGFR c.2369C>T p.T790M detection in advanced stage NSCLC 

patients.[13] However, some studies have suggested that a  higher sensitivity 

(i.e., below 5% allelic frequency) may be necessary when the heterogeneous 

distribution of the subclonal EGFR c.2369C>T p.T790M  mutations appears in 

samples with a high representation of non neoplastic cells.[100] In addition, 

detection of EGFR c.2369C>T p.T790M mutations in fluid samples (including 

blood, saliva, urine, effusions, fine needle aspiration supernatant) requires  

more sensitive approaches because of a higher mutant allele dilution  

compared to tissue specimens.[101-107]  Remarkably, recent evidence has 

highlighted that ultra-sensitive sequencing approaches applied to narrow gene 

panels can reach an analytical sensitivity as low as 0.01%.[69]    

Another important factor that affected the results of our molecular analysis 

was the lack of data regarding the genomic landscape of the cancer cell lines 

before they were engineered. In particular, our artificial reference standards 

were designed to harbor the complex BRAF c.1798_1799GT>AA p.V600K 

point mutation. Indeed, NGS analysis underestimated the allelic frequency of 

this variant in all instances. In particular, after visual inspection, the median 

values of  allelic frequency were 3.30%, 2.00% , and 0.30% on slides A, B, 

and C, respectively. Moreover, significant differences in the detection of 

allelic frequency mutations were observed between the two rounds (slide A p = 

0.014, slide B p = 0.006 and slide C p < 0.001). In particular, one (5.9%) and 

four (23.5%) laboratories were unable to identify BRAF c.1798_1799GT>AA 
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p.V600K after visual inspection on slides B and C, respectively. Conversely, 

the endogenous BRAF c.1799T>A p.V600E was identified by all participating 

laboratories on all the analyzed slides (68 instances) with an allelic frequency 

ranging from 30.30% to 70.00%. Consistently, visual inspection has also been 

proven to be highly relevant in challenging cases in which two different 

mutations co-exist within the same codon.[99] Similar issues regarding the 

identification of concomitant BRAF mutations have also been reported by 

Richman et al who used manufactured human cell line reference samples. In 

this experience, only two (3.8%) out of 53 laboratories were able to genotype 

all eight variants engineered within the BRAF gene.[108]  

Thus, our research team demonstrated the suitability of artificial reference 

standards in a cytocentrifuge/cytospin format as a useful tool for validating 

NGS on stained slides, even in the presence of low numbers of neoplastic 

cells.[99] 
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Chapter 4   

 

Reference standards for gene fusion molecular assays on cytological 

samples: an international validation study 

 

Summary: 4.1 Introduction – 4.2 Materials and Methods – 4.2.1 Study design 

– 4.2.2 Cell lines – 4.3 Results – 4.3.1 Multigene testing approaches – 4.3.2 

Preliminary validation phase – 4.3.3 May-Grunwald-Giemsa staining – 4.3.3.1 

Slide A – 4.3.3.2 Slide B – 4.3.3.3 Slide C – 4.3.3.4 Slide D – 4.3.4 

Papanicolaou staining – 4.3.4.1 Slide A – 4.3.4.2 Slide B – 4.3.4.3 Slide C –

4.3.4.4 Slide D – 4.4 Discussion. 
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4.1 Introduction 

In the field of precision medicine, gene rearrangements should be carefully 

investigated because of their actionability in different types of cancers.[109] 

Generally, gene rearrangements arise from chromosomal inversions, 

interstitial deletions, duplications, and translocations. These variations may 

eventually lead to the development of chimeric oncogenic proteins involved in 

cancer development and progression.[110] More specifically, a chimeric 

oncogenic protein is constitutively activated by a kinase domain even in the 

absence of specific ligands. This is possible either because fusion partners  

induce dimerization or oligomerization, or because autoinhibitory domains are 

inhibited, or because chimeric proteins bind to DNA and interfere with 

transcription.[110-113]  

Detection of gene rearrangements has been made possible by the 

implementation of different methodologies.[110] Traditionally, 

immunohistochemistry/immunocytochemistry (IHC/ICC) and fluorescence in 

situ hybridization (FISH) represented the ―gold standard‖ methodologies.[110] 

However, the need to test an ever-growing number of clinically relevant 

biomarkers while optimizing  limited tissue material from advanced stage 

cancer patients, has led to the increasing popularity of  multigene platforms, 

such as NGS, in the field of molecular predictive pathology, including 

molecular cytopathology.[70,114] However, as opposed to FFPE tissue 

material,  the full implementation of  NGS for biomarker testing on non-FFPE 

cytological specimens is still lagging behind in routine diagnostic practice, 

mainly because a thorough validation process is still lacking.[48,49] In this 

scenario, artificial reference standards in cytological format developed from 

engineered cell lines are pivotal in inter-laboratory validation studies to 

optimize NGS workflow on cytological specimens.[88,99]  
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Thus, prompted by the results obtained in the previous experiences on DNA-

based molecular alterations (point mutations and deletions), for this third 

study, we designed, developed, and validated a novel artificial reference 

standard in cytological format to assess the consistency and reproducibility of 

NGS results for the identification of gene rearrangements on non-FFPE 

samples.[115]       

 

4.2 Materials and Methods  

4.2.1 Study design 

This third worldwide ring trial was designed and directed by our laboratory in 

collaboration with Pangaea Oncology (Barcelona, Spain). Pangaea Oncology 

developed for the first time artificial reference standards starting from cell 

lines harboring gene rearrangements. These artificial samples were 

subsequently  validated by the two coordinating laboratories and then mass-

produced and distributed to eight laboratories belonging to the Molecular 

Cytopathology Meeting Group (Figure 17).[115]   
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Figure 17. Study design. Our laboratory and Pangaea Oncology coordinated 

this international multi-institutional study, prepared and validated the 

prototype slides using cell lines harboring gene rearrangements. After this 

validation, slides were mass-produced by Pangaea Oncology, distributed, and 

dispatched to eight laboratories belonging to the Molecular Cytopathology 

Meeting Group. Each laboratory used its own standard NGS gene fusion 

assay.[From the internal archives of the Molecular Predictive Pathology 

Laboratory at the Department of Public Health of the University of Naples 

―Federico II‖] 
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4.2.2 Cell lines 

In brief, sets of four cell blocks and smears (both air dried and ethanol fixed) 

were generated for the preliminary validation phase by mixing cell lines 

harboring echinoderm microtubule-associated protein-like 4 (EML4)(13) / 

ALK(20) (H3122), solute carrier family 34 member 2 (SLC34A2)(4) / 

ROS1(32) (HCC78) with a wild-type control (DLD1). This approach allowed 

us  to obtain different dilution points (slide A 50%, slide B 25%, slide C 10% 

and slide D 0%). Artificial reference standards were optimized to contain 2 x 

10
5
 cells (Table 14).  
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Table 14. Sample preparation. The number of cells and final volume of cell 

suspensions used for the preparation of the slides are indicated. Abbreviations: 

ALK: Anaplastic Lymphoma Receptor Tyrosine Kinase; EML4: Echinoderm 

Microtubule Associated Protein Like 4; ROS1: ROS Proto-Oncogene 1, Receptor 

Tyrosine Kinase; SLC34A2: Solute Carrier Family 34 Member 2; WT: wild type. 

[115]  
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Smears were optimized to be air-dried or ethanol fixed and then stained with 

May-Grunwald-Giemsa or Papanicolaou, respectively. All generated smears 

were stored without cover slips. In particular, stained smears were scanned to 

evaluate the distribution on the slides. The validation phase was carried out by 

our laboratory with a custom NGS panel (SiRe fusion) on the Ion Torrent 

S5
TM

 (Thermo Fisher Scientific) platform and by Pangaea Oncology on a  

multiplex digital color-coded barcode (nCounter, Nanostring Technologies, 

Seattle, WA, USA) platform. After the validation phase, two sets of smears 

(A-D, both May-Grunwald-Giemsa and Papanicolaou stained) were 

distributed to the eight participating laboratories. All laboratories carried out a 

blind molecular analysis by using their routine molecular NGS workflow 

(Table 15). 
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Table 15. Overview of the location, extraction methods, quantification 

methods, platforms, panels, and limit of detection of all 10 laboratories.[115] 
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Molecular data regarding gene rearrangements were recorded by the 

coordinating centers. At the end of the study, results and allelic frequency data 

of engineered artificial reference standards were provided to  the participating 

institutions.[115] 

 

4.3 Results  

4.3.1 Multigene testing approaches 

All participating laboratories reported their  molecular data to the coordinating 

center. Among these, five (62.5%) laboratories employed an amplicon-based  

(Thermo Fisher Scientific) platform, whereas three (37.5%) a hybridization-

based (Illumina) instrument. In all cases, RNA was adopted as the starting 

molecule for the analysis (Table 15).[115]  

 

4.3.2 Preliminary validation phase 

In the preliminary validation phase, ICC analysis performed on cell clock 

sections for each slide (A-D) confirmed the presence of chimeric proteins on 

slides A, B, and C, and their absence on slide D (Figures 18 and 19).   
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Figure 18. Immunocytochemical evaluation of ALK chimeric protein on cell 

block sections (A-D).[115] 
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Figure 19. Immunocytochemical evaluation of ROS1 chimeric protein on cell 

block sections (A-D).[115] 
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In addition, FISH analysis confirmed the presence of ROS1 gene 

rearrangements and the absence of increased  ROS1 fusion copies (Figure 20). 
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Figure 20. FISH analysis confirmed the presence of ROS1 gene 

rearrangement and the absence of increased ROS1 fusion copies (A-C).[115] 
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The presence of gene rearrangements in ALK and ROS1 was further confirmed 

on CB sections by NGS performed in our laboratory (Table 16).  
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Table 16. Molecular analysis performed by SiRe fusion NGS panel on cell 

block sections.[115]  
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After this preliminary phase, our laboratory and Pangaea Oncology validated 

two sets (May-Grunwald-Giemsa and Papanicolaou stained) of smears. 

Specifically, Papanicolaou stained smears displayed a higher number of reads 

(slide A 2326 and 113678, slide B 709 and 84148 and slide C 8418 and 24) for 

both EML4(13)/ALK(20) and SLC34A2(4)/ROS1(32) than May-Grunwald-

Giemsa stained smears (slide A 536 and 16690, slide B 671 and 17930,  and 

slide C 70 and 12). Counts were also reported (Papanicolaou: slide A 409 and 

3623, slide B 58 and 242 and slide C 48 and 223; May-Grunwald-Giemsa: 

slide A 31 and 178, slide B 31 and 407 and slide C 11 and 122). As expected, 

slide D harbored no alterations (wild-type) (Tables 17-20).[115]  
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Table 17. Validation phase on May-Grunwald-Giemsa stained smears.[115] 
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Table 18. Validation phase on May-Grunwald-Giemsa stained smears 

performed by SiRe fusion NGS panel.[115] 
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Table 19. Validation phase on Papanicolaou stained smears.[115] 
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Table 20. Validation phase on Papanicolaou stained smears performed by 

SiRe fusion NGS panel.[115] 
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4.3.3 May-Grunwald-Giemsa staining  

4.3.3.1 Slide A 

May-Grunwald-Giemsa stained smears yielded discrepant results. Five 

(62.5%) laboratories successfully analyzed slide A, whereas three (37.5%) 

failed. However, all laboratories correctly identified  SLC34A2(4)/ROS1(32); 

only one laboratory (#7) missed EML4(13)/ALK(20) gene rearrangement. 

Overall, NGS analysis generated a median of 659.0 reads  (ranging from 15.0 

to 1679.0) for EML4(13)/ALK(20) and 42964.0 (ranging from 5.0 to 88149.0) 

reads for SLC34A2(4)/ROS1(32) (Figure 21 and Table 21).[115] 
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Figure 21. Heat map showing the true (green), inadequate (red), false negative 

(yellow) and false positive (blue) results concerning EML4(13)/ALK(20) and 

SLC34A2(4)/ROS1(32) detection by the participating institutions in relation to 

the different types of reference standard preparations. ALK, anaplastic 

lymphoma receptor tyrosine kinase; EML4, echinoderm microtubule-

associated protein-like 4; FED II, Federico II; MGG, May-Grunwald-Giemsa; 

Pap, Papanicolaou; ROS1, ROS proto-oncogene 1; SLC34A2, solute carrier 

family 34 member 2.[115] 
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Table 21. Results obtained from May-Grunwald-Giemsa stained smears.[115] 
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4.3.3.2 Slide B 

Six (75.0%) laboratories successfully analyzed slide B, whereas two (25.0%) 

failed. Moreover, one laboratory (#5) missed SLC34A2(4)/ROS1(32) and 

another (#4) missed EML4(13)/ALK(20) gene rearrangements. Overall, NGS 

analysis generated a median of 5161.4 reads (ranging from 10.0 to 17067.0) 

for EML4(13)/ALK(20) and a median of 52167.0 (ranging from 3407.0 to 

107119.0) reads for  SLC34A2(4)/ROS1(32) (Figure 21 and Table 21).[115] 

 

4.3.3.3 Slide C 

Four (50.0%) laboratories successfully analyzed slide C. However, whereas all 

laboratories correctly analyzed SLC34A2(4)/ROS1(32), they all missed  

EML4(13)/ALK(20) gene rearrangements. Overall, NGS analysis generated  a 

median of 32738.2 reads (ranging from 6013.0 to 50742.0)  for 

SLC34A2(4)/ROS1(32) (Figure 21 and Table 21).[115] 

 

4.3.3.4 Slide D 

Five (62.5%) laboratories successfully analyzed slide D, whereas three  failed 

(37.5%). No false positive results were reported (Figure 21 and Table 

21).[115] 

 

4.3.4 Papanicolaou staining  

4.3.4.1 Slide A 

Papanicolaou staining yielded better results than May-Grunwald-Giemsa. All 

participating laboratories successfully analyzed slide A. In all instances 

SLC34A2(4)/ROS1(32) was correctly identified, whereas two laboratories  (#3 

and #6) missed EML4(13)/ALK(20) gene rearrangements. Overall, NGS 

analysis generated a median of 2886.8 reads  (ranging from 139.0 to 6618.0) 
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for EML4(13)/ALK(20) and a median of  88713.7 reads  (ranging from 482.0 

to 207227.0) for SLC34A2(4)/ROS1(32)  (Figure 21 and Table 22).[115] 
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Table 22. Results obtained from Papanicolaou stained smears.[115] 
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4.3.4.2 Slide B 

All participating laboratories successfully analyzed slide B. In all instances,  

SLC34A2(4)/ROS1(32) was correctly identified, whereas in one (laboratory 

#6) instance, EML4(13)/ALK(20) gene rearrangement was missed. NGS 

generated a median of  4343.3 reads  (ranging from 57.0 to 10446.0) were 

generated for  EML4(13)/ALK(20) and a median of 75901.3 reads  (ranging 

from 276.0 to 147958.0) for SLC34A2(4)/ROS1(32) (Figure 21 and Table 

22).[115] 

 

4.3.4.3 Slide C 

Six (75.0%) laboratories successfully analyzed slide C, whereas two (25.0%) 

did not. Remarkably, all laboratories identified SLC34A2(4)/ROS1(32) 

correctly whereas one laboratory (#7) missed EML4(13)/ALK(20) gene 

rearrangements. NGS analysis generated a median of  3117.5 reads  (ranging 

from 28.0 to 6002.0) for EML4(13)/ALK(20) and a median of 56668.7 reads  

(ranging from 81.0 to 108773.0) for SLC34A2(4)/ROS1(32) (Figure 21 and 

Table 22).[115] 

 

4.3.4.4 Slide D 

Five (62.5%) laboratories successfully analyzed slide D, whereas three 

(37.5%) failed. Two laboratories  (#1 and #4) obtained false positive results 

for  SLC34A2(4)/ROS1(32) (Figure 21 and Table 22). This phenomenon was 

most likely due to sample contamination rather than sequencing errors.[115] 

 

4.4 Discussion 

This third study highlights that although artificial reference standards in 

cytological format are suitable to assess inter-laboratory concordance,  

detection of gene rearrangements remains challenging.[115] Indeed, we 
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observed that  few laboratories were unable to identify gene rearrangement 

correctly. Some either totally failed or obtained inadequate results regardless 

of the staining approach. For example, concerning May-Grunwald-Giemsa and 

Papanicolaou stained smears, only four (50.0%) laboratories successfully  

carried out NGS analysis on all smears, whereas two laboratories analyzed 

only two smears (Figure 21 and Tables 21 and 22). On the whole,  we 

observed that May-Grunwald-Giemsa stained smears demonstrated to be more 

challenging than Papanicolaou stained smears, as evidenced by the higher 

number of inadequate results (12/32, 37.5% and 5/32, 15.6%, 

respectively).[115] To our knowledge, whether May-Grunwald-Giemsa 

staining is more efficient than Papanicolaou still remains unclear. The only 

studies evaluating differences between May-Grunwald-Giemsa and 

Papanicolaou stained smears in gene rearrangement detection were unable to 

generate robust evidence.[86,116] By contrast, our laboratory  experience has 

often suggested that  Papanicolaou stained smears generate a higher number of 

reads for gene rearrangements at any dilution point.[115] Moreover, our study 

demonstrated for the first time that ethanol fixation can yield better molecular 

results than air-dried procedures.  

We also obtained some insightful data on the potential molecular approaches 

for detection of gene rearrangements. As stated in the literature, different 

molecular approaches may be employed.[109] Among the vast array of NGS 

platforms currently available, we suggest that hybridization-based 

technologies on Illumina platforms or amplicon-based approaches on Thermo 

Fisher Scientific instruments should be taken into account. In particular, in this 

study, we saw that amplicon-based (Thermo Fisher Scientific) technologies 

performed better than hybridization-based (Illumina) instruments, as 

evidenced by the low number of inadequate results (4/40, 10.0% and 13/24, 

54.2%, respectively) obtained with the latter.[115] We speculate that this 

phenomenon may be related to the fact that library generation by 
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hybridization-based (Illumina) platforms require a higher content of  nucleic 

acid in the starting material. However, inadequate results may also have been 

due to other procedural factors, namely, the impairment of RNA in unfixed 

and non-cover slipped May-Grunwald-Giemsa smears, prolonged time 

between smear preparation and RNA extraction, storage conditions, and the 

overall inherent instability of RNA. In addition, to obtain accurate and reliable 

molecular test results, it would also be important to establish minimum 

requirements for number of cells and for  RNA quality and quantity for NGS 

analysis of gene rearrangements.  

Thus, we demonstrated the suitability of artificial reference standards as a 

useful tool for validating NGS on stained slides for gene rearrangement 

analysis.[115] 
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Chapter 5  

Future perspectives and the ongoing fourth ring trial study 

Summary: 5.1 Introduction – 5.2 Cell lines – 5.3 Preliminary results 
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5.1 Introduction 

In recent years, the number of actionable biomarkers and potentially druggable 

alterations for cancer treatment  has  continued  to grow—a phenomenon that 

has brought about sweeping changes to predictive molecular pathology and 

molecular cytopathology.[48,49] In an effort to allow advanced cancer 

patients the opportunity to enroll in clinical trials and receive individualized 

treatments, many clinical laboratories worldwide  have fully embraced the use 

of high-throughput NGS technologies for their routine screenings of tumor 

samples.[117] These amazing technologies have enabled clinicians to obtain 

faster and more accurate results at reduced costs, in comparison with more 

traditional sequencing approaches. Indeed, in the intertwined molecular 

scenario of advanced stage cancer patients, NGS has become an indispensable 

tool for guiding treatment-decisions, especially when having to identify 

multiple mutations in a single patients with scarce starting material. A case in  

point is advanced stage NSCLC. At minimum, NSCLC patients must undergo 

molecular testing for EGFR, KRAS, and BRAF mutations, ALK, ROS1, RET 

and NTRK gene rearrangements, and MET exon 14 skipping.[11] To this end, 

an admixture of DNA- (point mutations and indels) and RNA-based (gene 

rearrangements and splicing aberrations) biomarkers must be analyzed. In our 

experience, we have designed, developed, validated, and implemented in   

routine diagnostic practice two NGS integrated workflows able to analyze  

both DNA- and RNA-based biomarkers.[69,70] However, a careful validation 

process, especially for non-FFPE cytological samples, is still necessary when 

having to extract DNA and RNA from  the same sample simultaneously for 

subsequent NGS analysis. In this scenario, artificial reference standards in 

cytological format may represent a valid tool for validating multigene testing 

analysis on cytological specimens.[88,99,115]    

Thus, based on the results we obtained in our previous experiences on DNA- 

(point mutations and deletions) and RNA-based (gene rearrangements) 
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molecular alterations, in this fourth study we describe the preliminary 

validation phase of a novel artificial reference standard in cytological format 

harboring DNA- and RNA-based alterations simultaneously to assess the 

consistency and reproducibility of NGS results. 

 

5.2 Cell lines 

In this preliminary validation phase, we used different NSCLC and ADC cell 

lines to generate our artificial reference standards in cytological format (Table 

23).  
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Table 23. Cell lines adopted in the study.[From the internal archives of the 

Molecular Predictive Pathology Laboratory at the Department of Public 

Health of the University of Naples ―Federico II‖] 
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In particular, HCC827 (Cat# CRL-2868) and H358 (Cat# CRL-5807) cell 

lines were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA); HCC78 (Cat# ACC 563) was purchased from the 

Leibniz Institute DSMZ - German Collection of Microorganisms and Cell 

Cultures GmbH, Braunschweig, Germany); H596 was kindly provided by Dr. 

Miguel Angel Molina-Vila (Pangaea Oncology). All cell lines were cultured in 

Rosewell Park Medical Institute (RPMI)-1640 Medium (Cat# 30-2001, 

ATCC) supplemented with 10% inactivated fetal bovine serum (FBS, Cat# 30-

2020, ATCC), 2 mM glutamine (Cat# TCL012, HiMedia Laboratories Pvt Ltd, 

Mumbai, India), penicillin (100 IU/mL), streptomycin (100 μg/mL) 

(Cat#A001, HiMedia Laboratories Pvt Ltd); they  were  maintained at 37°C 

and 5% CO2. All cell lines were validated by morphological analysis and 

routinely tested for the absence of mycoplasma. Every three or four days, cells 

were splitted using trypsin- ethylenediaminetetraacetic acid (EDTA) solution 

(Cat# TCL139, HiMedia Laboratories Pvt Ltd) at a recommended sub-

cultivation ratio. The cells were washed twice with phosphate buffered saline 

(PBS), harvested via mechanical detachment, and counted in a cell counting 

chamber (Bürke). Briefly, cells were gently detached with a rubber scraper. 

After cell harvesting, all cell aliquots were washed with PBS once, 10 μl of 

cell suspension was placed in the cell count chamber; then the cells were 

counted in the three large squares. At the end of the procedure, the average 

number of viable cells  and the cell concentration were calculated as follows: 

[Cell/ml] = [Σ cell counted in three large squares / 3] x (dilution factor) x 1 x 104 

Cells were prepared as traditional cell blocks (Shandon™ Cytoblock™ 

method, Epredia, Kalamazoo, MI, USA) and automated  Cellient™ system 

(Hologic, Marlborough, MA, USA),[118] either singularly or mixed as 

follows: 

- HCC78 + H358 (1:1) 
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- H596 + HCC827 (1:1) 

- H596 + HCC827 + HCC78 + H358 (1:1:1:1)  

In the first part of the validation phase, DNA was extracted and purified from 

HCC827 and H358 cell lines by using QIAamp DNA Mini Kit (Qiagen) 

according to the manufacturer’s instructions. In brief, after nucleic acid 

extraction and purification, DNA was finally re-suspended in 30µl of 

nuclease-free water. RNA was extracted from HCC78 and H596 cell lines 

with the All Prep DNA/RNA mini kit (Qiagen) according to the 

manufacturer's instructions and re-suspended in 30µl of nuclease-free water. 

The quantity and quality of nucleic acids were assessed by an automated 

electrophoresis system (TapeStation 4200, Agilent Technologies, Santa Clara, 

CA, USA). Finally, molecular analysis for HCC827 and H358 cell lines was 

performed with the SiRe® on Ion Torrent S5
TM

 (Thermo Fisher Scientific) 

platform, as previously described.[69,70] 

 

5.3 Preliminary results 

The quality and quantity of DNA extracted from HCC827 and H358 cell lines 

and of RNA extracted from H596 and HCC78 cell lines were evaluated by 

using the Genomic DNA and High sensitivity RNA Kits (Agilent 

Technologies) on the TapeStation 4200 platform (Agilent Technologies) 

(Figures 22-27). 
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Figure 22. Evaluation of the quality and quantity of DNA from HCC827 (A) 

and H358 (B) cell lines and RNA from H596 (C) and HCC78 (D) cell lines 

(first analysis).[From the internal archives of the Molecular Predictive 

Pathology Laboratory at the Department of Public Health of the University of 

Naples ―Federico II‖] 
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Figure 23. Evaluation of the quality and quantity of  DNA from HCC827 (A) 

and H358 (B) cell lines and RNA from H596 (C) and HCC78 (D) cell lines 

(second analysis).[From the internal archives of the Molecular Predictive 

Pathology Laboratory at the Department of Public Health of the University of 

Naples ―Federico II‖] 
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Figure 24. Evaluation of the quality and quantity of simultaneous extraction 

of DNA and RNA from HCC827 cell line from automated  Cellient™ system 

(Hologic) cell block preparation. In (A) and (C) DNA and RNA extracted 

from the first four sections of the cell block, whereas (B) and (D) are DNA 

and RNA extracted from the latest four section (13-16) of the cell block. Note: 

dilutions were required to measure quantity and quality of DNA or RNA in 

(A), (C) and (D) of 1/3, 1/30 and 1/20, respectively.[From the internal archives 

of the Molecular Predictive Pathology Laboratory at the Department of Public 

Health of the University of Naples ―Federico II‖] 
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Figure 25. Evaluation of quality and quantity of simultaneous extraction of 

DNA (A) and RNA (C) from HCC827 cell line from traditional cell block 

preparation. In (B) and (D) DNA and RNA extracted separately (5 sections for 

DNA and 5 sections for RNA) from HCC827 cell line from automated  

Cellient™ system (Hologic) cell block preparation. Note: dilutions were 

required to measure quantity and quality of RNA in (C) and (D) of 1/30.[From 

the internal archives of the Molecular Predictive Pathology Laboratory at the 

Department of Public Health of the University of Naples ―Federico II‖] 
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Figure 26. Evaluation of the quality and quantity of separate extraction of 

DNA (A) and RNA (B) from HCC827 cell line from traditional cell block 

preparation (3 sections for DNA and 3 sections for RNA). This analysis was 

performed to test if extracting DNA and RNA independently (from different 

slides) yielded a higher quantity and quality of DNA and RNA. Note: dilutions 

was required to measure quantity and quality of RNA in (B) of 1/10.[From the 

internal archives of the Molecular Predictive Pathology Laboratory at the 

Department of Public Health of the University of Naples ―Federico II‖] 
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Figure 27. Evaluation of the quality and quantity of separate extraction of 

DNA (A) and RNA (B) from HCC827 cell line from traditional cell block 

preparation (3 sections for DNA and 3 sections for RNA). This analysis was 

performed to test whether a reduction of formalin fixation time would yield a 

higher quantity and quality of DNA and RNA. Note: dilutions was required to 

measure quantity and quality of RNA in (B) of 1/20.[From the internal 

archives of the Molecular Predictive Pathology Laboratory at the Department 

of Public Health of the University of Naples ―Federico II‖] 
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Interestingly, the highest quality and quantity of nucleic acids were obtained 

when DNA and RNA were extracted separately from traditional CB 

preparations. Next, when the sections obtained from HCC827 and H358 CBs 

were analyzed with SiRe® panel on Ion Torrent S5
TM 

(Thermo Fisher 

Scientific),[69,85] the presence of EGFR exon 19 p.E746_A750del and KRAS 

exon 2 p.G12C was confirmed (Figures 28 and 29). 
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Figure 28. EGFR exon 19 p.E746_A750del.[From the internal archives of the 

Molecular Predictive Pathology Laboratory at the Department of Public 

Health of the University of Naples ―Federico II‖] 
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Figure 29. KRAS exon 2 p.G12C.[From the internal archives of the Molecular 

Predictive Pathology Laboratory at the Department of Public Health of the 

University of Naples ―Federico II‖] 
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Finally, all cell lines were mixed together (1:1:1:1). DNA and RNA were 

simultaneously extracted from the generated samples. Interestingly, the 

presence of all genomic alterations (KRAS exon 2 p.G12C, SLC34A2/ROS1 

gene rearrangements, EGFR exon 19 p.A746_A750del, and MET exon 14 

skipping) were correctly identified  by adopting the  SiRe® panel on the Ion 

Torrent S5
TM 

(Thermo Fisher Scientific) (Figure 30) and Genexus™ 

Integrated Sequencer platforms (Thermo Fisher Scientific) (Figure 31).  
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Figure 30. KRAS exon 2 p.G12C, EGFR exon 19 p.E746_A750del, 

SLC34A2/ROS1 gene fusion, and MET exon 14 skipping (image not present) 

detected by SiRe® panel on Ion Torrent S5
TM 

(Thermo Fisher 

Scientific).[From the internal archives of the Molecular Predictive Pathology 

Laboratory at the Department of Public Health of the University of Naples 

―Federico II‖] 
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Figure 31. KRAS exon 2 p.G12C, EGFR exon 19 p.E746_A750del, 

SLC34A2/ROS1 gene fusion, and MET exon 14 skipping detected by SiRe® 

panel on Genexus™ Integrated Sequencer platform (Thermo Fisher 

Scientific).[From the internal archives of the Molecular Predictive Pathology 

Laboratory at the Department of Public Health of the University of Naples 

―Federico II‖] 
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Chapter 6  

Conclusions 

In conclusion, despite the incredible progress made in the field of molecular 

predictive pathology and molecular cytopathology, further studies are 

warranted to validate the adoption of NGS platforms for routine molecular 

testing of non-FFPE cytological samples. Indeed, the ongoing fourth round of 

our ring trial is testing the feasibility of using  artificial reference standards in 

cytological format as a strategy to validate such use in advanced stage lung 

cancer patients. The results we have obtained so far indicate that artificial 

reference standards in cytological format can indeed serve that purpose as they  

do indeed closely resemble the cytological specimens of routine diagnostic 

practice. Undoubtedly, we do realize that to better mimic the essential 

characteristics of routine diagnostic smears, we  still need to refine some key 

aspects of these artificial controls. In particular, we need to optimize staining 

procedures, like, for example, air-dried staining preparations, as well as  cell 

distribution on slides. 
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