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Abstract: Next generation sequencing (NGS) allows parallel sequencing of multiple genes at a very
high depth of coverage. The need to analyze a variety of targets for diagnostic/prognostic/predictive
purposes requires multi-gene characterization. Multi-gene panels are becoming standard approaches
for the molecular analysis of solid lesions. We report a custom-designed 128 multi-gene panel
engineered to cover the relevant targets in 22 oncogene/oncosuppressor genes for the analysis of the
solid tumors most frequently subjected to routine genotyping. A total of 1695 solid tumors were
analyzed for panel validation. The analytical sensitivity is 5%. Analytical validation: (i) Accuracy:
sequencing results obtained using the multi-gene panel are concordant using two different NGS
platforms and single-gene approach sequencing (100% of 83 cases); (ii) Precision: consistent results are
obtained in the samples analyzed twice with the same platform (100% of 20 cases). Clinical validation:
the frequency of mutations identified in different tumor types is consistent with the published literature.
This custom-designed multi-gene panel allows to analyze with high sensitivity and throughput
22 oncogenes/oncosuppressor genes involved in diagnostic/prognostic/predictive characterization
of central nervous system tumors, non-small-cell lung carcinomas, colorectal carcinomas, thyroid
nodules, pancreatic lesions, melanoma, oral squamous carcinomas and gastrointestinal stromal tumors.

Keywords: next generation sequencing; multi-gene custom panel; solid tumor; mutational analysis

1. Introduction

Next generation sequencing (NGS) allows parallel sequencing of multiple genes at a very high
depth of coverage. Considering the continuous discovery of molecules as a putative target or responsible
for treatment resistance mechanisms, the application of a traditional single-gene approach is becoming
problematic. Furthermore, precision medicine increasingly requires multi-gene characterization and
for this reason the introduction of multi-gene panels is becoming crucial for the molecular analysis of
solid lesions. Many multi-gene panels have become commercially available. However, these panels
are usually designed for specific tumors or genes (e.g., QIAseq Human Colorectal Cancer Panel,
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CleanPlex® BRCA1 & BRCA?2 Panel; Oncomine BRCA Research Assay) and/or include a high number
of targets (e.g., Oncomine Focus and Comprehensive Assays, GeneRead QIAact AIT DNA UMI Panel,
Myriapod® NGS 56G Onco panel, SOPHiA Solid Tumor Solution).

The abundance of targets leads to the routine sequencing of many markers that are of limited
clinical relevance in a given tumor, reducing the total number of samples that can be analyzed in a
single sequencing run and thus increasing the cost per sample. Developing custom multi-gene panels
allows a rational selection of targets according to the needs of the biomedical community serviced
by the molecular laboratory. This leads to the optimization of the number of specimens that can be
analyzed in a single run to reduce costs.

The aim of the present work is to report a custom-designed multi-gene panel that allows for
analyzing in the same NGS run most of the clinically relevant mutations in solid tumor types that
represent the bulk of those tumors that need to be genotyped in most medical centers, i.e., central
nervous system (CNS) tumors, non-small cell lung carcinomas (NSCLCs), colorectal carcinomas
(CRCs), thyroid nodules, melanomas, gastrointestinal stromal tumors (GISTs), and squamous oral
carcinomas (SOCs).

2. Material and Methods

2.1. Case Selection

A total of 1715 clinical samples were submitted for genotyping from January 2017 to December
2018 following a request of the caring clinician. Written informed consent for mutational analysis was
obtained from all patients. Information regarding the human material was managed using anonymous
codes and all samples were handled in compliance with the Helsinki Declaration. Follow-up information
was not used for this study.

Samples were obtained from formalin-fixed and paraffin embedded tissues (FFPE), cytological
smears or cytological fluid specimens. Twenty of 1715 (1.2%) samples could not be analyzed because
they were pre-analytically inadequate for molecular analysis due to a small number of cells (i.e., less
than 100) or to a low percentage of neoplastic cells (i.e., neoplastic cells/total number of cells below
10%) in the material submitted for molecular analysis. The remaining 1695 specimens were genotyped
and are the object of this study.

Specimens included primary or metastatic lesions: 343 CNS/intracranial tumors, 315 NSCLCs,
306 CRCs, 612 thyroid nodules (pre-operative material), 64 melanomas, 42 pancreatic lesions
(pre-operative material), 7 SOCs, and 6 GISTs (Figure 1).

1715 solid tumors

20 Not analyzed
(inadequate cellularity/tumor cell enrichment)

1695 samples sequenced by custom- 84 specimens NA due to low
designed multi-gene panel DNA quality/quantity

1 1 l t 1 i i i Analytical
14 15 34 8 6 validation
CNS NSCLCs Thyroid Melanomas Pancreatic

tumors nodules lesions

Clinical
validation

343
CNS tumors

315 306 612 64 42 7 6
NSCLCs CRCs Thyroid nodules Melanomas Pancreatic lesions SOCs GISTs

Figure 1. Cases analyzed by the custom-designed multi-gene panel. CNS: central nervous
system/intracranial; NSCLCs: non-small cell lung carcinomas; CRCs: colorectal carcinomas; SOCs:
squamous oral carcinomas; GISTs: gastrointestinal stromal tumors; NA not assessable: no amplifiable DNA.
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2.2. Custom-Designed Multi-Gene Panel

The samples were analyzed using a panel customized for specific genomic regions including
128 amplicons (dual strand) for a total of 256 amplicons (15.04 kb; median amplicons size: 130 bp).
The panel includes 58 target regions in the following 22 genes (human reference sequence hg19/GRCh37):
BRAF (exon 15), c-Kit (exons 8,9, 11, 13, 17), CTNNBI1 (exon 3), EGFR (exons 12, 18, 19, 20, 21), EIF1AX
(exons 1, 2), GNAS (exons 8, 9), H3F3A (exon 1), HRAS (exons 2, 3), IDH1 (exon 4), IDH2 (exon 4), KRAS
(exons 2, 3, 4), MED12 (exon 2), MET (exon 2, 14), NRAS (exons 2, 3, 4), PDGFRa (exons 12, 14, 18),
PIK3CA (exons 10, 21), PTEN (exon 5), RET (exons 5, 8,10, 11, 13, 15, 16), RNF43 (exons 2, 8), SMAD4
(exons 6, 9, 10, 11, 12), TERT (promoter region, g.1295141-g.1295471), and TP53 (exons 4, 5, 6,7, 8, 9).

The genes evaluated depend on clinical guidelines and on the specific needs for treatment and
diagnostic purposes as defined in the integrated care pathways for each tumor type of a given medical
center (see “Results” section). To this point, mutations considered “pathogenic” were evaluated
according to data reported in well-established mutation databases (e.g., COSMIC database [1], ClinVar
https://www.ncbinlm.nih.gov/clinvar/, My Cancer Genome https://www.mycancergenome.org/) and
following the recommendations of accepted guidelines [2-12]. Synonymous mutations not falling in
a splicing site or well-known SNPs were considered “benign” mutations. Other mutations without
well-established diagnostic/prognostic/predictive significance were not considered clinically relevant,
regardless of their Polyphen or SIFT (Sorting Intolerant From Tolerant) scores.

CNS/Intracranial tumors: IDH1 and IDH?2 analysis is routinely requested for all gliomas as indicated by
WHO guidelines [3]. BRAF analysis is routinely requested for samples in which a diagnosis of pilocytic
astrocytoma, glioneuronal tumors, or pleomorphic astrocytoma (PXA) is being considered [3,13].
H3F3A analysis is routinely requested for diffuse midline gliomas [3]. In non-adenomatous lesions of
the sellar region, CTNNB1 and BRAF genes are evaluated to discriminate between Rathke cleft cyst,
papillary, or adamantine craniopharyngiomas [14].

NSCLCs: EGFR and KRAS genes are routinely analyzed to evaluate tumor sensitivity to
EGFR-TKIs (tyrosin-kinase inhibitors), and mutations reported according to NSCLC molecular testing
guidelines [10]. MET mutational analysis is also routinely performed according to Lee et al. [15].

CRCs: KRAS and NRAS mutational analysis is routinely performed to evaluate sensitivity to
anti-EGFR monoclonal antibody treatment [16]. According to integrated care pathways currently
effective at the Bologna Medical Center, BRAF status is evaluated: (i) for prognosis; (ii) in samples
where microsatellite instability is performed to distinguish sporadic cases from those that develop in
the context of Lynch syndrome [16].

Thyroid nodules: Molecular analysis of BRAF, KRAS, HRAS, NRAS is routinely performed
according to integrated care pathways of the Bologna Medical Center for preoperative diagnosis on
fine needle aspiration specimens and to characterize tumors of follicular cell derivation [2,17]. TP53
gene is tested when a diagnosis of anaplastic or poorly differentiated thyroid carcinoma is being
considered [2,18]. EIFIAX, MED12, MET, PIK3CA, PTEN, and TERT target regions are also analyzed for
diagnostic/prognostic purposes [2,17-23]. Somatic RET gene mutations leading to protein constitutive
activation are evaluated in medullary carcinomas according to Wells et al. [11].

Melanomas: BRAF, NRAS, and c-Kit are routinely tested to select patients for molecular therapy [6,7].

Pancreaticlesions: KRAS, GNAS, RNF43, and SMAD4 are analyzed as an adjunct to the preoperative
diagnosis of solid and cystic pancreatic tumors [5,24,25].

Other tumors: TP53 gene is analyzed in selected squamous oral carcinomas following integrated
care pathways in place at the Bologna Medical Center; c-Kit, PDGFRa, and BRAF target regions are
analyzed in GIST samples following established guidelines [8,9].
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2.3. Pre-Analytical Evaluation

Two to four unstained 10-pm-thick sections were cut from each selected block, followed by
one Hematoxylin and Eosin (H&E) control slide. The tumor/lesional area was marked on the
control slide and material for sequence analysis was manually dissected under microscopic guidance
from the corresponding 10 um sections using a sterile blade. For each sample, the proportion of
neoplastic/lesional cells vs. non-neoplastic/non-lesional cells in the area marked on the slide and used
for DNA extraction was estimated by a pathologist after microscopic evaluation to assess the total
number of cells and tumor cell enrichment (i.e., neoplastic cells/total number of cells %). A similar
microscopic evaluation was performed to evaluate total cellularity and tumor cell enrichment in
cytology smears from fine needle aspiration (FNA). These are routinely microphotographed for
archival documentation prior to the scraping of diagnostic material for molecular analysis. Evaluation
of total cellularity and tumor cell enrichment is not possible for those fluid samples that have been
directly submitted from the clinicians after rinsing the syringe in nucleic acid preserving medium or
after dedicated aspiration passes for molecular analysis following FNA (direct fluid cytology samples).

2.4. DNA Extraction and Next Generation Sequencing

FFPE samples were extracted using the QuickExtract FFPE DNA Extraction Kit (Epicentre,
Madison, WI, USA). DNA from cytological specimens was extracted using the MasterPure DNA
Purification Kit (Epicentre, Madison, WI, USA), according to manufacturer’s instruction.

DNA was quantified using Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA). Libraries were set up using the Truseq® custom amplicon low input Library Prep Kit (Illumina
Inc., San Diego, CA, USA). The samples were then sequenced using a MiSeq sequencing platform
(Ilumina Inc., San Diego, CA, USA), according to manufacturers’ instruction. Samples used for panel
validation (see “Custom-designed multi-gene panel analytical sensitivity” and “Custom-designed
multi-gene panel analytical validation” paragraphs) were also analyzed: (i) following a “single-gene
approach” using the 454 GS-Junior sequencer (Roche Diagnostics, Rotkreuz, Switzerland) as previously
described [26-29]; (ii) running the same panel using the GeneStudio S5 sequencing platform with
the “Ion Ampliseq Library Kit Plus” (Thermo Fisher Scientific, Waltham, MA, USA), according to
manufacturer’s instructions.

The sequences obtained were analyzed using VariantStudio Software (Illumina Inc., San Diego,
CA, USA) and the Integrative Genomics Viewer 2.3 (IGV) tool (http://software.broadinstitute.org/
software/igv/). Only mutations present in at least 5% of the total number of reads analyzed and
observed in both strands were considered for mutational calls (see “Custom-designed multi-gene panel
analytical sensitivity” and “Custom-designed multi-gene panel analytical validation” paragraphs).

3. Results

3.1. Statistical Measures of Performance

Using a medium size cartridge (e.g., the v2 cartridge for the MiSeq sequencing platform) and
loading from 32 to 40 samples per run we achieved a median coverage of 2500x (Figure 2). An amplicon
was considered assessable when at least 200 reads were obtained. The median coverage for each gene
is reported in Supplementary Results (Supplementary Table S1 and Supplementary Figure S1).
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Figure 2. Median next generation sequencing (NGS) read distribution for the entire cohort (1695 cases).

Y-axis: number of reads.

No amplifiable DNA (NA-DNA) was obtained from 84 of 1695 specimens (5.0%) due to low
quality/quantity DNA. Most specimens of NA-DNA were direct fluid cytology samples from thyroid
nodules and pancreatic lesions, with very low amounts of input DNA (less than 5 ng/uL) (Table 1,

Figure 3).

Table 1. Custom-designed multi-gene panel analytical validation of 53 samples using MiSeq and

454 GS-Junior sequencer.

Gene Tested (Number of Samples)

(Total Samples: 7 = 53) 454 GS-Junior Results MiSeq Results
3 KRAS p.G12D 3 KRAS p.G12D
2 KRAS p.G13D 2 KRAS p.G13D
KRAS (n=19) 1 KRAS p.Q61K 1 KRAS p.Q61K
1 KRAS p.Q61R 1 KRAS p.Q61R
12WT 12WT
_ 2 NRAS p.Q61R 2 NRAS p.Q61R
NRAS (n =11) 9WT 9WT
1 BRAF p.V600E 1 BRAF p.V600E
BRAF (n = 6) 1 BRAF p.V600K 1 BRAF p.V600K
4WT 4WT
_ 1 HRAS p.Q61R 1 HRAS p.Q61R
HRAS (n=4) 3WT 3WT
1 EGFR p.E746_A750delELREA 1 EGFR p.E746_A750delELREA
EGFR (n =6) 2 EGFR p.L858R 2 EGFR p.L858R
3WT 3WT

IDH1/IDH2 (n = 5)

3 IDH1 p.R132H
11DHI p.R132S

3 IDH1 p.R132H
11DHI p.R132S

1WT 1WT
c-kit/PDGFRa (n = 1) 1 ¢-Kit p.V599D 1 ¢-Kit p.V599D
RET (n=1) 1WT 1WT

WT: wild-type; del: deletion.
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Figure 3. Percentage of cases with no amplifiable DNA. Y-axis: frequency of not-amplifiable samples;
X-axis: Type of lesions analyzed. CNS: central nervous system; NSCLCs: non-small cell lung carcinomas;
CRCs: colorectal carcinomas.

3.2. Custom-Designed Multi-Gene Panel Analytical Sensitivity

The analytical sensitivity of our custom-designed multi-gene panel was 5%. We tested analytical
sensitivity by serially diluting (1:1—100%, 1:2—50%, 1:4—25%, 1:10—10%, 1:20—5%, 1:40—2.5%,
1:100—1%, 1:1000—0.1%) DNA from a pool of samples harboring a homozygous nucleotide
polymorphism G>A at the 2470 position of the EGFR sequence (c.2470G>A, p.Q787Q) in a pool
of samples that did not harbor the nucleotide substitution. Each analysis was repeated three times.

The G>A nucleotide polymorphism was detected in all three runs performed down to a 1:20 (5%)
dilution. At 1:40 (2.5%) and 1:100 (1%) dilutions the polymorphism was identified in two of three runs
and in one of three runs, respectively.

The same 5% cut-off was obtained by analyzing deletions (i.e., EGFR p.E746_A750del, c.2235_2249del)
and missense point mutations (i.e., EGFR ¢.2369C>T p.T790M, KRAS ¢.35G>A p.G12D, KRAS ¢.38G>A
p-G13D, NRAS ¢.182A>T p.Q61L, BRAF ¢.1799T>A p.V600E, BRAF ¢.1798_1799GT>AA p.V600K,
and PIK3CA ¢.3140A>G p.H1047R) using reference tumor DNA in standard paraffin embedded
formats (Horizon Diagnostics [HDx], Cambridge, UK) as recently reported by our group in ring trial
studies [30,31].

3.3. Custom-Designed Multi-Gene Panel Analytical Validation

To evaluate the accuracy of our custom-designed multi-gene panel, we tested 83 samples of the
1695 cases with two orthogonal (alternative) sequencing methods: 53 were analyzed using both the
454 GS-Junior sequencer and our multi-gene panel on the MiSeq platform; 30 samples were analyzed
using the custom-designed multi-gene panel on both MiSeq and GeneStudio S5 platforms. To evaluate
the precision (reproducibility) of our multi-gene panel, 20 samples were analyzed in two different runs
on the same MiSeq platform.

In the 53 samples analyzed with the 454 GS-Junior sequencer and our multi-gene panel on the
MiSeq platform, multi-gene custom panel results were concordant with those obtained by a single-gene
approach with the 454 GS-Junior sequencer (Table 1).

In the 30 samples where our multi-gene panel was run using both MiSeq and GeneStudio S5
platforms, sequencing results were also concordant, with similar proportions of mutated alleles
(Table 2).

The same results were obtained for the 20 samples analyzed in two different runs with the MiSeq
platform (Table 3).
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Table 2. Custom-designed multi-gene panel analytical validation of 30 samples using MiSeq and

GeneStudio S5.
Mutational Status MiSeq % Mutated Allele Mutational S tatus % Mutated Allele
GeneStudio S5
IDH1 p.R132C 23 IDH1 p.R132C 24
KRAS p.G12S 43 KRAS p.G12S 42
KRAS p.G12R 14 KRAS p.G12R 13
SMAD4 p.E526K 22 SMAD4 p.E526K 19
TP53 p.R175H 31 TP53 p.R175H 32
TP53 p.R306Ter 48 TP53 p.R306Ter 51
c-Kit p.W557_K558del 51 c-Kit p.W557_K558del 44
c-Kit p.A502_Y503dup 41 c-Kit p.A502_Y503dup 32
BRAF p.V600E 29 BRAF p.V600E 23
EGEFR p.E746_A750delELREA 65 p.E746_ AE7C5;g§elELRE A 48
EGFR 49 EGFR 51
E746_S752delELREATSinsV p-E746_S752delELREATSinsV
H3F3A p.K28M 90 H3F3A p.K28M 88
CTNNB1 p.S37C 35 CTNNB1 p.S37C 40
RET p.E768D 51 RET p.E768D 51
16 Samples without mutations / 16 WT /

WT: wild-type; del: deletion; dup: duplication; ins: insertion; Ter: stop codon.

Table 3. Custom-designed multi-gene panel analytical validation of 20 samples tested in two different
runs using the same MiSeq sequencing platform.

Gene Tested Results-Analysis 1 Results-Analysis 2
(Number of Samples) . Mutated Coverage . Mutated Coverage
(Total Samples: 1 = 20) Mutational Status Reads % (Reads) ~ Mutational Status Reads % (Reads) "
1 p.V600E 15% 3800 1p.V600E 7% 3000x
_ 1 p.V600E 32% 3400x 1p.V600E 18% 1400x
BRAF (n=4) WT 0% 500% WT 0% 700x
WT 0% 2600x WT 0% 3000
KRAS/NRAS/BRAF WT 0% 3600-4500x WT 0% 2029-5500x
(n=2) WT 0% 1250-2500% WT 0% 2300-3500x
KRAS p.G12V 13% 620x KRAS p.G12V 9% 1000x
HRAS p.Q61R 36% 1100x HRAS p.Q61R 39% 3850
RAF/KRAS/HRAS/NRA
BRAF/ (nS/: 5) S/NRAS HRAS p.Q61R 35% 3200x HRAS p.Q61R 27% 700x
WT 0% 3600-4700% WT 0% 2300-2560x
WT 0% 1400-3100% WT 0% 700-1800x
1EGFR o 1EGFR o
p-E746_A750delELREA * % 5250 p-E746_A750delELREA* 47% 5900
1 EGFR p.T790M * 40% 1050 1 EGFR p.T790M * 34% 900x
— *
EGFR/KRAS (n =4) 1 EGFR p.L858R 39% 550% 1 EGFR p.L858R 39% 900x
WT 0% 1750-5130% WT 0% 1700-2400x
WT 0% 800-1100x WT 0% 600-1200x
KRAS (n=2) KRAS p.G12C 58% 550% KRAS p.G12C 49% 500x
- KRAS p.G12C 17% 6500x KRAS p.G12C 25% 3000
1IDH1 p.R132C 11% 2500 1IDH1 p.R132C 23% 4700x
IDH1/IDH2 (n = 3) WT 0% 1500-2200% WT 0% 1300-2050x%
WT 0% 2300-3000x WT 0% 1800-3500x

* One sample harbored both EGFR p.E746_A750delELREA and EGFR p.T790M; " The target gene coverage range is
reported for wild type samples.

3.4. Prospective Analysis of Routine Clinical Samples (Clinical Validation)

CNS/Intracranial tumors: The genes most frequently analyzed following the clinician request at
the Bologna Medical Center were IDH1 and IDH?2 (321 samples) (Table 4). A total of 20 CNS samples
(5.9%) could not be assessed due to the lack of amplifiable DNA (Table 4, Figure 3). IDH1 was the
biomarker more frequently mutated (22.1%). Among IDH1/IDH2 mutations, the p.R132H substitution
was observed most frequently (76%) (Supplementary Figure 52, Supplementary Table S2). In our cases,
24% of the IDH1/IDH? mutated samples harbored mutations different from p.R132H (Supplementary
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Figure S2, Supplementary Table S2), confirming that the analysis of IDH1 and IDH2 genes should not
been limited to p.R132H [1,32]. The results of the other genes analyzed (BRAF, H3F3A and CTNNBI)
are reported in Table 4.

Table 4. Results of the prospective analysis of routine clinical samples with the custom-designed
multi-gene panel.

Genes Evaluated Frequency of Mutation

Type and Number of Samples (Number of Samples per Gene) (Number of Samples per Gene)

CNS/intracranial tumors

Brain neoplasms (1 = 341) IDH1 (321) 221
IDH?2 (321) 1.9
H3F3A (12) 16.7
BRAF (14) 14.3
Sellar lesions (1 = 2) CTNNBI1 (2) 100.0
BRAF (2) /
NA: 20 (5.9%)
NSCLCs (n = 315) EGFR (306) 14.1
KRAS (306) 38.9
MET (50) /
NA: 9 (2.8%)
CRCs (n = 306) KRAS (298) 44.6
NRAS (298) 54
BRAF (205) 15.1
NA: 8 (2.6%)
Thyroid nodules (n = 612) BRAF (568) 19.2
KRAS (481) 33
HRAS (481) 2.5
NRAS (481) 8.5
TERT (123) 9.8
PIK3CA (83) 8.4
TP53 (67) 7.5
EIF1AX (67) /
MED12 (67) /
PTEN (37) /
RET (9) 55.6
NA: 43 (7.0%)
Melanomas (n = 64) BRAF (63) 41.3
NRAS (56) 214
c-Kit (56) 1.8
NA: 1 (1.6%)
Pancreatic lesions (n = 42) KRAS (39) 46.2
GNAS (6) 33.3
RNF43 (6) /
SMAD4 (6) /
NA: 3 (7.1%)
SOCs (n=7) TP53 (7) 71.4
GISTs (n = 6) c-Kit (6) 66.7
PDFGRa (6) 16.7
BRAF (6) /

CNS: central nervous system; NSCLCs: non-small cell lung carcinomas; CRCs: colorectal carcinomas; SOC: squamous
oral carcinoma; GIST: gastrointestinal stromal tumors; NA not assessable due to the lack of amplifiable DNA.

NSCLCs: EGFR and KRAS genes were analyzed in 315 NSCLCs. A total of nine NSCLC samples
(2.8%) could not be assessed due to the lack of amplifiable DNA (Table 4, Figure 3). EGFR was mutated
in 14.1% of cases. Deletions in exon 19 were the more frequent alteration (43% of mutated samples)
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(Supplementary Figure S3, Supplementary Table S2). All cases with the EGFR p.T790M also harbored
exon 19 deletions or p.L858R mutations. KRAS gene was mutated in 38.9% of cases and p.G12C
was the most frequent alteration (35% of mutated samples), consistent with what was reported in
the literature [33,34]. Almost all KRAS mutations (96.0%) were in exon 2; the remaining (4.0%) were
p-Q61H substitutions in exon 3 (Supplementary Figure S3, Supplementary Table S2). No mutations
were detected in KRAS exon 4 (Supplementary Figure S3, Supplementary Table S2). No MET exon 14
skipping mutations were observed.

Colorectal carcinomas: A total of 306 CRC samples were analyzed and in all of them the clinician
requested the analysis of KRAS and NRAS. Eight CRC samples (2.6%) could not be assessed due
to the lack of amplifiable DNA (Table 4, Figure 3). KRAS was mutated in 44.8% and NRAS in 5.4%
of cases (Table 4). The vast majority of mutations (75% of mutated samples) were in KRAS exon 2
(Supplementary Figure S4, Supplementary Table S2). BRAF analysis was requested in 205 samples and
15.1% harbored a mutation: all were p.V600E substitutions (Supplementary Figure S4, Supplementary
Table S2).

Thyroid nodules: A total of 612 samples were analyzed, including pre-operative material (FNAs
and direct fluid cytology samples) and surgical specimens. A total of 43 samples (7.0%) could not be
assessed due to the lack of amplifiable DNA (Table 4, Figure 3), 39 of which (91%) were direct fluid
cytology samples. BRAF gene analysis was requested in all samples analyzed and 19.2% of them
harbored BRAF mutations (Table 4, Supplementary Figure S5, Supplementary Table 52). Almost all
BRAF mutations (97.0%) were p.V600E; the remaining were p.V600K (2.0%) and p.T599del (1.0%)
(Supplementary Figure S5, Supplementary Table S2). RAS genes were mutated in 14.7% of samples:
NRAS in 8.5%, KRAS in 3.3%, and HRAS in 2.5% (Table 4, Supplementary Figure S5, Supplementary
Table S2). NRAS p.Q61R was the most frequent RAS mutation (44.0% of RAS mutated samples)
(Supplementary Figure S5, Supplementary Table S2). Analysis of the TERT promoter was requested in
123 samples and 9.8 of them were mutated in the C228T (c.-124C>T) or C250T (c.-146C>T) positions
(Table 4). The mutation frequency of PIK3CA, TP53, EIF1AX, MED12, PTEN, and RET genes is reported
in Table 4.

Melanomas: Genotyping of 64 samples of primary or metastatic melanoma were analyzed
(Table 4, Figure 3). BRAF was mutated in 40.6% of samples, NRAS in 21.4%, and c-Kit in 1.8%. BRAF
p-V600E was the most frequent alteration (49.0% of mutated melanoma samples) (Supplementary
Figure S6, Supplementary Table S2). BRAF p.V600K was detected in 15% of mutated melanoma
samples (Supplementary Figure S6, Supplementary Table S2). NRAS p.Q61R was the more frequent
NRAS mutation (12.8% of mutated melanoma samples) (Supplementary Figure 56, Supplementary
Table S2).

Pancreatic lesions: A total of 42 pre-operative samples (FNAs and direct fluid cytology samples)
were analyzed. Three (7.1%) of these specimens could not be assessed due to the lack of amplifiable
DNA (Table 4, Figure 3), and all were direct fluid cytology samples. KRAS was mutated in 42.8%
of the specimens; 90% of these KRAS mutations were in exon 2, the remaining (10%) in exon 3
(see Supplementary Figure S7, Supplementary Table 52). This result is consistent with data previously
reported demonstrating that KRAS alterations in pancreatic lesions do not always involve KRAS
exon 2 [35,36]. KRAS p.G12V was the more frequent alteration (37% of all mutations) (Supplementary
Figure S7, Supplementary Table 52). GNAS was analyzed in six cases, and in two of them the p.R844H
mutation was identified (Table 4). Two of the 42 cases analyzed harbored “double mutations”: one had
a KRAS p.G12D coexisting with a KRAS p.G12V substitution, the other harbored both KRAS p.G12V
and GNAS p.R844H mutations. No mutations were found in RNF43 and SMAD4 genes (Table 4).

Other tumors: Seven squamous oral carcinomas were analyzed for the TP53 gene: five (71.4%)
harbored a mutation in TP53. One of these five samples had two TP53 substitutions (p.Y236C and
p-R283C). A total of six GISTs were analyzed: four (66.7%) harbored a mutation in c-Kit and one case in
PDGFRa (16.6%). No mutations in BRAF exon 15 were identified.



Diagnostics 2020, 10, 250 10 of 17

The mutational results of the prospective analysis of routine clinical samples is fully consistent
with the data reported in the literature [1,4,12,32,34,35,37-39] (Table 5).

Table 5. Comparison of the custom-designed multi-gene panel mutational results with literature
reference data.

Frequency in Frequency Reported in
Sample Type Gene Our Series the Literature References
Brain neoplasms IDH1 22.1 30-39 [1,32]
IDH? 1.9 1-2.8 [1,32]
EGFR 14.1 13.9-22.2 [4,12]
NSCLCs KRAS 38.9 29.7-40 [4,12,34]
KRAS 44.6 34-44.2 [1,4]
CRCs NRAS 5.4 4-45 [1,4]
BRAF 15.1 10-11.2 [1,4]
BRAF 19.2 13.7-22 % [1,37,38]
HRAS 2.5 4 [1,39]
KRAS 3.3 2 [1,39]
Thyroid nodules NRAS 8.5 8 [1,39]
PIK3CA 8.4 4 [1]
TP53 7.5 11 [1]
TERT 9.8 11 [1]
BRAF 41.3 3644 [1,4]
Melanomas NRAS 21.4 17-23.4 [1,4]
c-Kit 1.8 6.6-8 [1,4]
Pancreatic lesions KRAS 46.2 ~45-55 [1,35]

* Values refer to references that have a distribution of preoperative cytology samples comparable with that of our
series. NSCLCs: non-small cell lung carcinomas; CRCs: colorectal carcinomas.

4. Discussion

The traditional single-gene approach is no longer feasible for the molecular evaluation of solid
tumors for diagnostic, prognostic, and predictive purposes, which currently requires the analysis of
multiple target genes in a given tumor sample.

Multiple gene targets can be tested by applying in sequence the analysis of several target markers
to the same sample using laboratory developed or commercially available kits that are usually based
on pyrosequencing or highly sensitive multiplexed mutation-specific real time PCR methods. This
approach (the “sequential” approach to molecular analysis) is followed in many molecular pathology
laboratories. However, it has several drawbacks: (i) each test has been validated for and requires a
definite amount of nuclei acid input (usually ~10 ng of DNA) which can become problematic with
limited samples (Figure 4A); (ii) each test has its own cost in terms of both reagent/kit expenses
and dedicated technician time so that the total cost of the analysis is determined by the sum of the
costs of each individual test; (iii) many tests are tumor marker specific and it is not always possible
to analyze different samples for different tumor-specific markers at the same time. An alternative
approach (the “parallel” approach to molecular analysis) is based on the utilization of multi-gene
NGS cancer panels developed by large medical institutions (e.g., the MSK-IMPACT panel or the SiRe®
panel [40,41]) or by companies (e.g., Oncomine Focus Assay (Thermo Fisher Scientific, Waltham, MA,
USA)). The advantages of this approach are: (i) with the same amount of nuclei acid input (usually
~10 ng of DNA) a large number of targets can be tested (Figure 4B); (ii) costs are optimized and the cost
of the analysis of a given target gene amounts to the total cost divided by the number of genes in the
panel; (iii) panels include gene targets common to different tumor types.



Diagnostics 2020, 10, 250 11 of 17

—————————

SPECIMEN
| S—

ﬂ ~10ng

e

TARGET 1
C— TARGET 2
~10n
o
TARGET 2 % ﬁ &
SRS

ﬂ o
e,
TARGET 3 @ ~10ng %

C——
ﬂ ~10ng I TARGET 5 l TARGET 4

G
TARGET 4
 SR—
ﬂ ~10ng
P e

TARGET 5
—

Figure 4. Schemes of molecular analysis using “sequential” (A) or “parallel” (B) approaches.

An additional advantage of multi-gene NGS panels is that the sequences of genes not initially
requested by the clinician remain in laboratory databases. This allows for easily recovering data in case
of necessity (e.g., update of guidelines, novel predictive/prognostic markers) without re-extracting
DNA and re-sequencing of the specimen. Such repeat analyses would be hard to perform in those
samples with low amounts of biological material, such as cytology or biopsy specimens or brain
stereotactic biopsies.

We here report the validation of a laboratory developed custom-designed multi-gene NGS panel.
Our multi-gene custom panel—designed for the NGS MiSeq platform (Illumina)—has an analytical
sensitivity of 5%. Sequencing results are concordant with those obtained using a previously validated
single-gene targeted approach using the 454 GS-Junior sequencer [26,27,35] and with those obtained
with the Gene Studio S5 platform.

The frequency of mutations in the genes is consistent with that reported in the literature for
IDH1 and IDH2 in brain tumors [1,32], EGFR and KRAS in NSCLCs [1,4,12,34,37], KRAS and NRAS in
CRCs [1,4], BRAF [37,38,42], RAS, PIK3CA, and TERT in thyroid nodules [1,18,39,42], BRAF, NRAS
and cKIT in melanoma [1,4], and KRAS in pancreatic pre-operative samples [1,25,35]. Sequencing
results are comparable with those obtained with commercial panels (SiRe panel (Genedin, Rome, Italy),
Cancer Hotspot Panel v2 (Thermo Fisher Scientific, Waltham, MA, USA), GeneRead QIAact Lung
Panel (Qiagen, Hilden, Germany), Oncomine Solid Tumor Assay (Thermo Fisher Scientific, Waltham,
MA, USA), TruSight Tumor 15 (Illumina Inc., San Diego, CA, USA), TruSight Tumor 26 (Illumina Inc.,
San Diego, CA, USA), 56-gene hotspot panel (Diatech Pharmacogenetics, Jesi (AN), Italy)) [30,31].

Our custom-designed multi-gene NGS panel is reliable, with a 5% overall percentage of
non-assessable cases due to lack of amplifiable DNA. In fact, most of the samples that failed due
to the lack of amplifiable DNA were cytology samples directly submitted from the clinicians from
the pancreas and the thyroid gland for which pre-analytical evaluation of cellularity and tumor cell
enrichment were not possible.

Setting up laboratory-developed, custom-designed multi-gene panels for NGS allows for selecting
appropriate targets and customizing the proportion between the number of targets/number of
samples/sequencing coverage to the specific needs of a given biomedical community. We have
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engineered a custom-designed multi-gene panel to cover the relevant genes—the analysis of which
is required by guidelines and considered standard of care for diagnostic/prognostic/predictive
purposes—in tumor types frequently treated in most medical centers. Thus, we have been able
to combine the analysis of different types of tumors in the same run. This versatility is not possible
with commercially available multi-gene panels that are dedicated to the in-depth analysis of specific
tumors, while commercially available comprehensive multi-gene panels include a very large number
of targets which limits the number of samples that can be analyzed in the same run (or considerably
decreases the coverage of sequencing). Markers useful for therapeutic decision not included in this
panel are BRCA1 and BRCA2, important predictive indicators for breast, ovarian, and gastric cancers.
However, sequencing of BRCA1 and BRCA2 requires the analysis of a number of amplicons—too large
to be added to a panel like ours—designed to cover relevant markers for the largest possible number
of tumor types following the needs of our medical center. In the Bologna Medical center, BRCAI and
BRCA? are currently analyzed with dedicated panels. Indeed, a general advantage of custom-designed
panels is that they can be easily adapted to the needs of specific biomedical communities.

The theoretical number of samples analyzable in one NGS run depends on the following parameters:
number of amplicons, total number of theoretical reads available in the run (i.e., the “capacity” of
cartridge/chip), and desired target coverage. With our custom-designed multi-gene panel running
32 samples with a 256 amplicons panel on a MiSeq v2 cartridge (~12-15 million of passed reads),
the theoretical coverage is ~1800X. In the routine practice, our multi-gene panel allows us to analyze
3240 samples in the same run with a median coverage of 2500, using a medium size cartridges
(e.g., v2 cartridge for MiSeq sequencer) or chips (e.g., 530 chip for GeneStudio S5).

We designed our panel to analyze the target hot spots of genes relevant for CNS tumors, NSCLCs,
CRCs, thyroid nodules, melanomas, pancreatic lesions, oral squamous carcinomas, and GISTs according
to updated guidelines and diagnostic/prognostic/predictive clinical needs [2,3,5-11,14-19,24,43].

Since our panel is designed for the relevant gene targets of the tumor types mentioned above, it can
be used to analyze different tumor types batched together in a single run, which optimizes turn-around
time and costs of NGS. The optimized selection of the genes and the possibility of analyzing for those
that are relevant to different tumor types in a given run allows for a higher number of samples to be
genotyped per run compared with other NGS multi-gene panels (Table 6).

By analyzing 32-40 samples per run, the mean turnaround time for the 1695 samples was
8.7 working days. The cost was 165-195 € per sample depending on the number of specimens loaded
in a given run (March 2020), but independent of the platform used (Illumina or ThermoFisher, using
the v2 cartridge or the 530 chip, respectively).

An additional advantage of our custom-designed multi-gene panel is its flexibility: the panel
can be rapidly modified at any time, following the discovery of novel new biomarkers or guideline
updates independent of the choice and of the timing of commercial diagnostic outfits.

In conclusion, this study reports the validation of a custom-designed multi-gene panel capable of
analyzing relevant gene targets—22 oncogenes/oncosuppressor genes—in a variety of solid tumors
including those for which genotyping is most frequently required for diagnostic/prognostic/predictive
clinical purposes. Our panel is highly sensitive (5% analytical sensitivity) with robust gene coverage,
has a high throughput and is highly cost effective.
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Table 6. Comparison of commercial NGS panel with our custom-designed multi-gene panel.

13 of 17

Panel (Manufacturer) Tareets Type of Starting Minimum Amount of Input Multiplatform (i.e., NGS from Samples X run (for at least
8 Material DNA (Recommended Yeld) Different Company) 500-1000x Coverage)
SOPHIiA Solid Tumor Solution Fresh/Frozen | Yes (ThermoFisher and
(Sophia Genetics) 42 FFPE 10-50 ng Mlumina) 12-24%
Oncomine Focus Assay Fresh/Frozen
~ 1 - %
(ThermoFisher Scientific) 52 FFPE Ong No (lonTorrent) 8-16
Oncomine Comprehensive Assay R Fresh/Frozen o
v3 (ThermoFisher Scientific) 1ol FFPE 30 ng (10 ng per pool) No (fonTorrent) 8
Human Actionable Solid Tumor ” Fresh/Frozen 1040 ng (fresh)/40-250 ng Yes (ThermoFisher and 243 *
Panel (Qiagen) FFPE (FFPE) Numina) -
GeneRead QIAact AIT DNA UMI Fresh/Frozen . .
Panel (Qiagen) 30 FFPE 40-160ng No (Qiagen) 8
Myriapod® NGS 56G Onco panel Fresh/Frozen 10-25 Yes (ThermoFisher and .
(Diatech) %6 FFPE ng Tlumina) 8-16
Custom-designed multi-gene panel Fresh/Frozen | Yes (Illumina and
of this study 22 FFPE 10-50ng ThermoFisher) 32-40

“DNA and RNA analysis; * Depending on platform and chip used; ° Only on Ion 540 Chip; FFPE: formalin-fixed and paraffin-embedded.



Diagnostics 2020, 10, 250 14 of 17

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4418/10/4/250/s1.
Figure S1: Median coverage for gene target regions, Figure S2: Frequency of IDH1 and IDH2 mutations in CNS
tumor samples, Figure S3: Frequency of EGFR and KRAS mutations in NSCLC samples, Figure S4: Frequency
of KRAS, NRAS and BRAF mutations in CRC samples, Figure S5: Frequency of mutations in Thyroid nodules,
Figure S6: Frequency of mutations in Melanoma samples, Figure S7: Frequency of mutations in Pancreatic lesions,
Table S1: Median coverage for gene target regions, Table S2: Details of mutations detected in samples analyzed.

Author Contributions: Conceptualization, D.d.B., G.A.,, M.V. and G.T.; data curation, D.d.B., CM.A. and
A.D.L; investigation, D.d.B.; G.A.; M.V,; V.S, TM. and C.M.A.; methodology, D.d.B., G.A. and M.V,; validation,
D.d.B. and G.A; formal analysis, D.d.B and C.M.A.; writing—original draft preparation, D.d.B., G.A. and M.V,;
writing—review and editing, D.d.B., G.A.,, M.V,, VS,, TM,, AD.L., CM.A,, AP. and G.T,; Supervision, A.P. and
G.T. All authors have read and agreed to the published version of this manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Forbes, S.A.; Beare, D.; Bindal, N.; Bamford, S.; Ward, S.; Cole, C.G.; Jia, M.; Kok, C.; Boutselakis, H.; De, T.;
et al. COSMIC: High-Resolution Cancer Genetics Using the Catalogue of Somatic Mutations in Cancer.
Curr. Protoc. Hum. Genet. 2016, 91, 10-11. [CrossRef]

2. Haugen, B.R.; Alexander, EK.; Bible, K.C.; Doherty, G.M.; Mandel, S.J.; Nikiforov, Y.E.; Pacini, F;
Randolph, G.W.; Sawka, A.M.; Schlumberger, M.; et al. 2015 American Thyroid Association Management
Guidelines for Adult Patients with Thyroid Nodules and Differentiated Thyroid Cancer: The American
Thyroid Association Guidelines Task Force on Thyroid Nodules and Differentiated Thyroid Cancer. Thyroid
2016, 26, 1-133. [CrossRef] [PubMed]

3. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.;
Wiestler, O.D.; Kleihues, P; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of
the Central Nervous System: A summary. Acta Neuropathol. 2016, 131, 803—-820. [CrossRef] [PubMed]

4. Consortium, A.P.G. AACR Project GENIE: Powering Precision Medicine through an International Consortium.
Cancer Discov. 2017, 7, 818-831. [CrossRef] [PubMed]

5. Ducreux, M.; Cuhna, AS.; Caramella, C.; Hollebecque, A.; Burtin, P.; Goere, D.; Seufferlein, T,;
Haustermans, K.; Van Laethem, ].L.; Conroy, T.; et al. Cancer of the pancreas: ESMO Clinical Practice
Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2015, 26 (Suppl. 5), v56-v68. [CrossRef]

6.  Dummer, R.; Hauschild, A.; Lindenblatt, N.; Pentheroudakis, G.; Keilholz, U.; Committee, E.G. Cutaneous
melanoma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2015, 26
(Suppl. 5), v126-v132. [CrossRef]

7.  Garbe, C.; Peris, K,; Hauschild, A.; Saiag, P.; Middleton, M.; Bastholt, L.; Grob, ]J.J.; Malvehy, J;
Newton-Bishop, J.; Stratigos, A.].; et al. Diagnosis and treatment of melanoma. European consensus-based
interdisciplinary guideline—Update 2016. Eur. . Cancer 2016, 63, 201-217. [CrossRef]

8. Casali, P.G.; Abecassis, N.; Aro, H.T.; Bauer, S.; Biagini, R.; Bielack, S.; Bonvalot, S.; Boukovinas, I.; Bovee, J.;
Brodowicz, T.; et al. Gastrointestinal stromal tumours: ESMO-EURACAN Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann. Oncol. 2018, 29, iv68-iv78. [CrossRef]

9. Poveda, A.; Garcia Del Muro, X.; Lopez-Guerrero, ].A.; Cubedo, R.; Martinez, V.; Romero, I.; Serrano, C.;
Valverde, C.; Martin-Broto, J. GEIS guidelines for gastrointestinal sarcomas (GIST). Cancer Treat. Rev. 2017,
55, 107-119. [CrossRef]

10. Lindeman, N.I; Cagle, PT; Beasley, M.B.; Chitale, D.A.; Dacic, S.; Giaccone, G.; Jenkins, R.B.;
Kwiatkowski, D.J.; Saldivar, ]J.S.; Squire, ].; et al. Molecular testing guideline for selection of lung cancer
patients for EGFR and ALK tyrosine kinase inhibitors: Guideline from the College of American Pathologists,
International Association for the Study of Lung Cancer, and Association for Molecular Pathology. J. Mol.
Diagn. 2013, 15, 415-453. [CrossRef]

11. Wells, S.A,, Jr.; Asa, S.L.; Dralle, H.; Elisei, R.; Evans, D.B.; Gagel, R.E; Lee, N.; Machens, A.; Moley, ].E;
Pacini, F; et al. Revised American Thyroid Association guidelines for the management of medullary thyroid
carcinoma. Thyroid 2015, 25, 567-610. [CrossRef] [PubMed]


http://www.mdpi.com/2075-4418/10/4/250/s1
http://dx.doi.org/10.1002/cphg.21
http://dx.doi.org/10.1089/thy.2015.0020
http://www.ncbi.nlm.nih.gov/pubmed/26462967
http://dx.doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
http://dx.doi.org/10.1158/2159-8290.CD-17-0151
http://www.ncbi.nlm.nih.gov/pubmed/28572459
http://dx.doi.org/10.1093/annonc/mdv295
http://dx.doi.org/10.1093/annonc/mdv297
http://dx.doi.org/10.1016/j.ejca.2016.05.005
http://dx.doi.org/10.1093/annonc/mdy095
http://dx.doi.org/10.1016/j.ctrv.2016.11.011
http://dx.doi.org/10.1016/j.jmoldx.2013.03.001
http://dx.doi.org/10.1089/thy.2014.0335
http://www.ncbi.nlm.nih.gov/pubmed/25810047

Diagnostics 2020, 10, 250 15 0f 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Graham, R P; Treece, A.L.; Lindeman, N.L; Vasalos, P; Shan, M.; Jennings, L.J.; Rimm, D.L. Worldwide Frequency
of Commonly Detected EGFR Mutations. Arch. Pathol. Lab. Med. 2018, 142, 163-167. [CrossRef] [PubMed]
Martinoni, M.; Marucci, G.; de Biase, D.; Rubboli, G.; Volpi, L.; Riguzzi, P.; Marliani, F.; Toni, F.; Naldi, I.;
Bisulli, F.; et al. BRAF V600E mutation in neocortical posterior temporal epileptogenic gangliogliomas.
J. Clin. Neurosci. 2015, 22, 1250-1253. [CrossRef] [PubMed]

Marucci, G.; de Biase, D.; Zoli, M.; Faustini-Fustini, M.; Bacci, A.; Pasquini, E.; Visani, M.; Mazzatenta, D.;
Frank, G.; Tallini, G. Targeted BRAF and CTNNBI next-generation sequencing allows proper classification
of nonadenomatous lesions of the sellar region in samples with limiting amounts of lesional cells. Pituitary
2015, 18, 905-911. [CrossRef] [PubMed]

Lee, G.D.; Lee, S.E,; Oh, D.Y.; Yu, D.B.; Jeong, H.M.; Kim, J.; Hong, S.; Jung, H.S.; Oh, E.; Song, ].Y.; et al.
MET Exon 14 Skipping Mutations in Lung Adenocarcinoma: Clinicopathologic Implications and Prognostic
Values. . Thorac. Oncol. 2017, 12, 1233-1246. [CrossRef] [PubMed]

Sepulveda, A.R.; Hamilton, S.R.; Allegra, C.J.; Grody, W.; Cushman-Vokoun, A.M.; Funkhouser, WK_;
Kopetz, S.E.; Lieu, C.; Lindor, N.M.; Minsky, B.D.; et al. Molecular Biomarkers for the Evaluation of
Colorectal Cancer: Guideline Summary From the American Society for Clinical Pathology, College of
American Pathologists, Association for Molecular Pathology, and American Society of Clinical Oncology.
J. Oncol. Pract. 2017, 13, 333-337. [CrossRef] [PubMed]

Gandolfi, G.; de Biase, D.; Sancisi, V.; Ragazzi, M.; Acquaviva, G.; Pession, A.; Piana, S.; Tallini, G.;
Ciarrocchi, A. Deep sequencing of KIT, MET, PIK3CA, and PTEN hotspots in papillary thyroid carcinomas
with distant metastases. Endocr. Relat. Cancer 2014, 21, 1L.23-1.26. [CrossRef]

Acquaviva, G.; Visani, M.; Repaci, A.; Rhoden, KJ.; de Biase, D.; Pession, A.; Giovanni, T. Molecular
pathology of thyroid tumours of follicular cells: A review of genetic alterations and their clinicopathological
relevance. Histopathology 2018, 72, 6-31. [CrossRef]

Ibrahimpasic, T.; Xu, B.; Landa, I.; Dogan, S.; Middha, S.; Seshan, V.; Deraje, S.; Carlson, D.L.; Migliacci, J.;
Knauf, ].A,; et al. Genomic Alterations in Fatal Forms of Non-Anaplastic Thyroid Cancer: Identification of
MED12 and RBM10 as Novel Thyroid Cancer Genes Associated with Tumor Virulence. Clin. Cancer Res.
2017, 23, 5970-5980. [CrossRef]

Karunamurthy, A.; Panebianco, F; Hsiao, S.J.; Vorhauer, J.; Nikiforova, M.N.; Chiosea, S.; Nikiforov, Y.E.
Prevalence and phenotypic correlations of EIFIAX mutations in thyroid nodules. Endocr. Relat. Cancer 2016,
23,295-301. [CrossRef]

De Biase, D.; Gandolfi, G.; Ragazzi, M.; Eszlinger, M.; Sancisi, V.; Gugnoni, M.; Visani, M.; Pession, A.;
Casadei, G.; Durante, C.; et al. TERT Promoter Mutations in Papillary Thyroid Microcarcinomas. Thyroid
2015, 25, 1013-1019. [CrossRef] [PubMed]

De Biase, D.; Torricelli, F;; Ragazzi, M.; Donati, B.; Kuhn, E.; Visani, M.; Acquaviva, G.; Pession, A.; Tallini, G.;
Piana, S.; et al. Not the same thing: Metastatic PTCs have a different background than ATCs. Endocr. Connect.
2018, 7, 1370-1379. [CrossRef] [PubMed]

Gandolfi, G.; Ragazzi, M.; de Biase, D.; Visani, M.; Zanetti, E.; Torricelli, F.; Sancisi, V.; Gugnoni, M.;
Manzotti, G.; Braglia, L.; et al. Genome-wide profiling identifies the THYT1 signature as a distinctive feature
of widely metastatic Papillary Thyroid Carcinomas. Oncotarget 2018, 9, 1813-1825. [CrossRef] [PubMed]
Lee, J.H.; Kim, Y,; Choi, ]JW,; Kim, Y.S. KRAS, GNAS, and RNF43 mutations in intraductal papillary mucinous
neoplasm of the pancreas: A meta-analysis. Springerplus 2016, 5, 1172. [CrossRef]

De Biase, D.; Visani, M.; Acquaviva, G.; Fornelli, A.; Masetti, M.; Fabbri, C.; Pession, A.; Tallini, G. The Role
of Next-Generation Sequencing in the Cytologic Diagnosis of Pancreatic Lesions. Arch. Pathol. Lab. Med.
2018, 142, 458-464. [CrossRef]

Altimari, A.; de Biase, D.; De Maglio, G.; Gruppioni, E.; Capizzi, E.; Degiovanni, A.; D’Errico, A.; Pession, A.;
Pizzolitto, S.; Fiorentino, M.; et al. 454 next generation-sequencing outperforms allele-specific PCR, Sanger
sequencing, and pyrosequencing for routine KRAS mutation analysis of formalin-fixed, paraffin-embedded
samples. OncoTargets Ther. 2013, 6, 1057-1064. [CrossRef]

De Biase, D.; Visani, M.; Malapelle, U.; Simonato, F.; Cesari, V.; Bellevicine, C.; Pession, A.; Troncone, G.;
Fassina, A.; Tallini, G. Next-generation sequencing of lung cancer EGFR exons 18-21 allows effective
molecular diagnosis of small routine samples (cytology and biopsy). PLoS ONE 2013, 8, e83607. [CrossRef]


http://dx.doi.org/10.5858/arpa.2016-0579-CP
http://www.ncbi.nlm.nih.gov/pubmed/29106293
http://dx.doi.org/10.1016/j.jocn.2015.02.016
http://www.ncbi.nlm.nih.gov/pubmed/25937573
http://dx.doi.org/10.1007/s11102-015-0669-y
http://www.ncbi.nlm.nih.gov/pubmed/26156055
http://dx.doi.org/10.1016/j.jtho.2017.04.031
http://www.ncbi.nlm.nih.gov/pubmed/28502721
http://dx.doi.org/10.1200/JOP.2017.022152
http://www.ncbi.nlm.nih.gov/pubmed/28350513
http://dx.doi.org/10.1530/ERC-14-0361
http://dx.doi.org/10.1111/his.13380
http://dx.doi.org/10.1158/1078-0432.CCR-17-1183
http://dx.doi.org/10.1530/ERC-16-0043
http://dx.doi.org/10.1089/thy.2015.0101
http://www.ncbi.nlm.nih.gov/pubmed/26148423
http://dx.doi.org/10.1530/EC-18-0386
http://www.ncbi.nlm.nih.gov/pubmed/30400028
http://dx.doi.org/10.18632/oncotarget.22805
http://www.ncbi.nlm.nih.gov/pubmed/29416733
http://dx.doi.org/10.1186/s40064-016-2847-4
http://dx.doi.org/10.5858/arpa.2017-0215-RA
http://dx.doi.org/10.2147/OTT.S42369
http://dx.doi.org/10.1371/journal.pone.0083607

Diagnostics 2020, 10, 250 16 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Masetti, M.; Acquaviva, G.; Visani, M.; Tallini, G.; Fornelli, A.; Ragazzi, M.; Vasuri, F; Grifoni, D.;
Di Giacomo, S.; Fiorino, S.; et al. Long-term survivors of pancreatic adenocarcinoma show low rates of
genetic alterations in KRAS, TP53 and SMADA4. Cancer Biomark. 2018, 21, 323-334. [CrossRef]

Ragazzi, M.; Tamagnini, I.; Bisagni, A.; Cavazza, A.; Pagano, M.; Baldi, L.; Boni, C.; Cantile, F.; Barbieri, F;
Nicoli, D.; et al. Diamond: Immunohistochemistry versus sequencing in EGFR analysis of lung adenocarcinomas.
I. Clin. Pathol. 2016, 69, 440-447. [CrossRef]

Malapelle, U.; Mayo-de-Las-Casas, C.; Molina-Vila, M.A.; Rosell, R.; Savic, S.; Bihl, M.; Bubendorf, L.;
Salto-Tellez, M.; de Biase, D.; Tallini, G.; et al. Consistency and reproducibility of next-generation sequencing
and other multigene mutational assays: A worldwide ring trial study on quantitative cytological molecular
reference specimens. Cancer Cytopathol. 2017, 125, 615-626. [CrossRef]

Pisapia, P.; Malapelle, U.; Roma, G.; Saddar, S.; Zheng, Q.; Pepe, F; Bruzzese, D.; Vigliar, E.; Bellevicine, C.;
Luthra, R; et al. Consistency and reproducibility of next-generation sequencing in cytopathology: A second
worldwide ring trial study on improved cytological molecular reference specimens. Cancer Cytopathol. 2019,
127,285-296. [CrossRef] [PubMed]

Visani, M.; Acquaviva, G.; Marucci, G.; Paccapelo, A.; Mura, A.; Franceschi, E.; Grifoni, D.; Pession, A.;
Tallini, G.; Brandes, A.A.; et al. Non-canonical IDH1 and IDH2 mutations: A clonal and relevant event in
an Italian cohort of gliomas classified according to the 2016 World Health Organization (WHO) criteria.
J. Neurooncol. 2017, 135, 245-254. [CrossRef] [PubMed]

El Osta, B.; Behera, M.; Kim, S.; Berry, L.D.; Sica, G.; Pillai, R.N.; Owonikoko, T.K.; Kris, M.G.; Johnson, B.E.;
Kwiatkowski, D.J.; et al. Characteristics and Outcomes of Patients with Metastatic KRAS-Mutant Lung
Adenocarcinomas: The Lung Cancer Mutation Consortium Experience. J. Thorac. Oncol. 2019, 14, 876-889. [CrossRef]
Dogan, S.; Shen, R.; Ang, D.C.; Johnson, M.L.; D’Angelo, S.P.; Paik, PK.; Brzostowski, E.B.; Riely, G.J.;
Kris, M.G.; Zakowski, M.E,; et al. Molecular epidemiology of EGFR and KRAS mutations in 3026 lung
adenocarcinomas: Higher susceptibility of women to smoking-related KRAS-mutant cancers. Clin. Cancer
Res. 2012, 18, 6169-6177. [CrossRef] [PubMed]

De Biase, D.; Visani, M.; Baccarini, P,; Polifemo, A.M.; Maimone, A.; Fornelli, A.; Giuliani, A.; Zanini, N.;
Fabbri, C.; Pession, A.; et al. Next generation sequencing improves the accuracy of KRAS mutation analysis
in endoscopic ultrasound fine needle aspiration pancreatic lesions. PLoS ONE 2014, 9, e87651. [CrossRef]
[PubMed]

De Biase, D.; de Luca, C.; Gragnano, G.; Visani, M.; Bellevicine, C.; Malapelle, U.; Tallini, G.; Troncone, G. Fully
automated PCR detection of KRAS mutations on pancreatic endoscopic ultrasound fine-needle aspirates.
J. Clin. Pathol. 2016. [CrossRef]

Kim, S.W.; Lee, ].I; Kim, ].W,; Ki, C.S.; Oh, Y.L.; Choi, Y.L,; Shin, ] H.; Kim, HK.; Jang, HW.; Chung, ] H.
BRAFV600E mutation analysis in fine-needle aspiration cytology specimens for evaluation of thyroid nodule:
A large series in a BRAFV600E-prevalent population. . Clin. Endocrinol. Metab. 2010, 95, 3693-3700.
[CrossRef]

Hemalatha, R.; Pai, R.; Manipadam, M.T.; Rebekah, G.; Cherian, A.].; Abraham, D.T.; Rajaratnam, S.;
Thomas, N.; Ramakant, P; Jacob, PM. Presurgical Screening of Fine Needle Aspirates from Thyroid Nodules
for BRAF Mutations: A Prospective Single Center Experience. Indian ]. Endocrinol. Metab. 2018, 22, 785-792.
[CrossRef]

Radkay, L.A.; Chiosea, S.I.; Seethala, R.R.; Hodak, S.P; LeBeau, S.O.; Yip, L.; McCoy, K.L.; Carty, S.E.;
Schoedel, K.E.; Nikiforova, M.N.; et al. Thyroid nodules with KRAS mutations are different from nodules
with NRAS and HRAS mutations with regard to cytopathologic and histopathologic outcome characteristics.
Cancer Cytopathol. 2014, 122, 873-882. [CrossRef]

Cheng, D.T.; Mitchell, TN.; Zehir, A.; Shah, R.H.; Benayed, R.; Syed, A.; Chandramohan, R.; Liu, Z.Y,;
Won, H.H.; Scott, S.N.; et al. Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer
Targets (MSK-IMPACT): A Hybridization Capture-Based Next-Generation Sequencing Clinical Assay for
Solid Tumor Molecular Oncology. |. Mol. Diagn. 2015, 17, 251-264. [CrossRef]

Malapelle, U.; Pepe, E; Pisapia, P; Sgariglia, R.; Nacchio, M.; De Luca, C.; Lacalamita, R.; Tommasi, S.;
Pinto, R.; Palomba, G.; et al. Harmonization of Next-Generation Sequencing Procedure in Italian Laboratories:
A Multi-Institutional Evaluation of the SiRe(R) Panel. Front. Oncol. 2020, 10, 236. [CrossRef] [PubMed]


http://dx.doi.org/10.3233/CBM-170464
http://dx.doi.org/10.1136/jclinpath-2015-203348
http://dx.doi.org/10.1002/cncy.21868
http://dx.doi.org/10.1002/cncy.22134
http://www.ncbi.nlm.nih.gov/pubmed/31021538
http://dx.doi.org/10.1007/s11060-017-2571-0
http://www.ncbi.nlm.nih.gov/pubmed/28748342
http://dx.doi.org/10.1016/j.jtho.2019.01.020
http://dx.doi.org/10.1158/1078-0432.CCR-11-3265
http://www.ncbi.nlm.nih.gov/pubmed/23014527
http://dx.doi.org/10.1371/journal.pone.0087651
http://www.ncbi.nlm.nih.gov/pubmed/24504548
http://dx.doi.org/10.1136/jclinpath-2016-203696
http://dx.doi.org/10.1210/jc.2009-2795
http://dx.doi.org/10.4103/ijem.IJEM_126_18
http://dx.doi.org/10.1002/cncy.21474
http://dx.doi.org/10.1016/j.jmoldx.2014.12.006
http://dx.doi.org/10.3389/fonc.2020.00236
http://www.ncbi.nlm.nih.gov/pubmed/32219061

Diagnostics 2020, 10, 250 17 of 17

42. Censi, S.; Cavedon, E.; Bertazza, L.; Galuppini, F.; Watutantrige-Fernando, S.; De Lazzari, P.; Nacamulli, D.;
Pennelli, G.; Fassina, A.; lacobone, M.; et al. Frequency and Significance of Ras, Tert Promoter, and Braf
Mutations in Cytologically Indeterminate Thyroid Nodules: A Monocentric Case Series at a Tertiary-Level
Endocrinology Unit. Front. Endocrinol. 2017, 8, 273. [CrossRef] [PubMed]

43. Al S.A.; Khan, H.A,; Irfan, O.; Samad, A.; Mirza, Y.; Awan, M.S. Correlation of TP53 Overexpression and
Clinical Parameters with Five-Year Survival in Oral Squamous Cell Carcinoma Patients. Cureus 2017, 9, e1401.
[CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.3389/fendo.2017.00273
http://www.ncbi.nlm.nih.gov/pubmed/29085338
http://dx.doi.org/10.7759/cureus.1401
http://www.ncbi.nlm.nih.gov/pubmed/28856073
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Case Selection 
	Custom-Designed Multi-Gene Panel 
	Pre-Analytical Evaluation 
	DNA Extraction and Next Generation Sequencing 

	Results 
	Statistical Measures of Performance 
	Custom-Designed Multi-Gene Panel Analytical Sensitivity 
	Custom-Designed Multi-Gene Panel Analytical Validation 
	Prospective Analysis of Routine Clinical Samples (Clinical Validation) 

	Discussion 
	References

