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Abstract

:

The speed, accuracy, and increasing affordability of next-generation sequencing (NGS) have revolutionized the advent of precision medicine. To date, standardized validation criteria for diagnostic accreditation do not exist due to variability across the multitude of NGS platforms and within NGS processes. In molecular diagnostics, it is necessary to ensure that the primary material of the FFPE sample has good quality and optimum quantity for the analysis, otherwise the laborious and expensive NGS test may result in unreliable information. Therefore, stringent quality control of DNA and RNA before, during, and after library preparation is an essential parameter. Considering the various challenges with the FFPE samples, we aimed to set a benchmark in QC metrics that can be utilized by molecular diagnostic laboratories for successful library preparation and high-quality NGS data output. In total, 144 DNA and 103 RNA samples of various cancer types with a maximum storage of 2 years were processed for 52 gene focus panels. During the making of DNA and RNA libraries, extensive QC check parameters were imposed at different checkpoints. The decision tree approach can be set as a benchmark for FFPE samples and as a guide to establishing a good clinical laboratory practice for targeted NGS panels.
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1. Introduction


Advances in sequencing technology such as massively parallel sequencing, also known as next-generation sequencing (NGS), have led to a paradigm shift in oncology companion diagnostics. It has progressed from a single gene-based test to multiplexed next-generation sequencing-based assay for the identification of frequent somatic driver actionable alterations in solid tumors [1,2,3].



The speed, accuracy, and increasing affordability of next-generation sequencing (NGS) have revolutionized the advent of precision medicine, which involves custom-made treatment based on disease-driving molecular aberrations [4].



To date, standardized validation criteria for diagnostic accreditation do not exist due to variability across the multitude of NGS platforms and within NGS processes.



In routine molecular diagnostics for solid tumors, the starting material is in the form of biopsies preserved as formalin-fixed paraffin-embedded (FFPE) blocks. Adequate long-term storage of the FFPE blocks is a valuable benefit that aids in molecular diagnostics and translational cancer research. The congruence of pre-analytic procedures represents the cornerstone of optimal DNA integrity in molecular pathology [5]. In the era of precision oncology, the utility of DNA and RNA for whole-exome and targeted sequencing is increasingly popular on the next-generation sequencing (NGS) platform. Because of the huge amount of raw data analysis, whole-genome and transcriptome are still at the research level. The quality and quantity of extracted DNA and RNA from the archival biopsies differ widely due to age, fixation conditions, DNA-protein crosslinking, and reagent inhibitors, which may affect downstream genomic analyses. It is necessary to ensure that the primary material has good quality and optimum quantity for the analysis, otherwise the laborious and expensive NGS test may result in unreliable information [6]; this was shown in a study where 70% of library preparation for sequencing was unsuccessful due to bad DNA integrity [7]. Another important aspect, to date there is no established cutoff wherein the FFPE material should not be used for sequencing at the cost of calling artifacts for mutations [6]. In addition, the quantity and the condition of the nucleic acid trapped in such diverse clinical samples have proven to be significant barriers and can lead to low read depth and allele dropout [8].



Therefore, stringent quality control of DNA and RNA before, during, and after library preparation is an essential parameter; however, to date, there are no precise criteria to identify the high-risk failures in FFPE DNA samples to run on the NGS platform. Some of the literature suggests there is a strong correlation between initial DNA quality and corresponding library concentration [9]. In the context of next-generation sequencing, the old saying “garbage in, garbage out” translates to “poor sample preparation results in poor data”. Thus, apart from bioinformatics standardization, there is a need to set some critical parameters for the initial QC check while working with non-renewable FFPE-derived nucleic acid samples for NGS. The critical variables in library preparation can profoundly affect the sample quality and output of the results.



The specimen yield is often a limiting factor while studying the non-renewable FFPE clinical samples; the ability to extract and assess DNA quality with a minimal amount of material has a paramount significance as reported. A lack of integrity standards may generate inconsistent and non-reproducible results [6,10]. Tumors have a very rapid growth rate and hence the time taken to offer treatment to a cancer patient is the most crucial parameter in cancer care. To achieve confidence and reliability of reports, it is mandatory to implement the QC parameters at every step [11] while performing the NGS wet-lab procedures. Considering the various challenges with the FFPE samples, we aimed to set a benchmark in QC metrics that can be utilized by molecular diagnostic laboratories for successful library preparation and good quality NGS data output.




2. Materials and Methods


2.1. Nucleic Acid Extraction and Quality Assessment


In this study, 144 FFPE DNA and 103 FFPE RNA samples of various cancer types with a maximum storage of 2 years were included. FFPE samples with 20–30% of tumor content were accepted for the assay. Depending upon the size and site of the tissue, three curls with sections of 7–10 μm thickness were processed for extracting DNA and RNA. The conventional protocol of deparaffinization using limonene as an organic solvent was conducted. Nucleic acid extraction was performed using a QI Amp DNA FFPE and Qiagen RNeasy FFPE Kit as per the KIT protocol. Extracted nucleic acid was checked for purity by assessing 260/280 and 260/230 ratios. To measure the integrity of DNA and RNA, specific screen tapes were used on an Agilent 4200 TapeStation. The instrument by default determines the DIN and RIN values of the samples. The distribution value (DV) for RNA was calculated from the electropherogram using the TapeStation Analysis software. dsDNA and RNA quantification was performed on a Qubit fluorometer using a dsDNA BR Assay and RNA HS Assay Kit, respectively. cDNA was synthesized using AmpliSeq cDNA Synthesis for Illumina as per the protocol and RNA was taken neat for cDNA synthesis assay [12]. Furthermore, for the housekeeping genes β actin and GAPDH of 100 bp and 400 bp, respectively, a PCR amplification assay was performed on all the cDNA samples.




2.2. Library Preparation


Library preparation: Libraries were prepared using an AmpliSeq Illumina Focus Panel. It is an amplicon-based targeted panel with DNA and RNA pool-investigating mutations across 52 genes with known relevance to solid tumors. Libraries were prepared as per the protocol described in AmpliSeq for the Illumina Focus Panel Reference Guide. The recommended input for DNA and RNA for the library was 1–100 ng. Because of the disparity in nucleic acid concentration from each sample, based on optimization, samples were normalized with nuclease-free water to attain the final concentration of 90 ng DNA. Low-quantity DNA was taken neat.



PCR amplification of DNA and cDNA was performed. Amplicons were then partially digested and ligated to uniquely brocaded index-adaptor sequences provided by Illumina. Libraries purified with Agencort AMPure XP beads were further analyzed for quality on an Agilent 4200 TapeStation using high-sensitivity D1000 screen tape and a high-sensitivity D1000 reagent



During the library preparation, two more QC check of DNA libraries was performed by using a TapeStation to measure the presence of desired amplicons.




2.3. Library Normalization


All libraries were quantified using a Qubit Fluorometer using a Qubit ds DNA HS assay followed by normalization to 2 nanomoles using serial dilution where the highest concentrated library was diluted to 100 nmol > 40 nmol > 4 nmol and finally 2 nmol. DNA and cDNA libraries were pooled separately. Since this was a standardization study, libraries below 2 nmol were taken neat. Finally, DNA and RNA pooled libraries were mixed in a 7:3 ratio, respectively, followed by denaturation, and 9.5 pmol libraries were loaded onto a MiSeq V2 Kit spiked with a 10% phiX library.




2.4. Sequencing Parameters


The Illumina experimental manager was used to generate the template sheet. Libraries were paired-end (2 × 150) sequenced on a V2 flow cell on MiSeq (Illumina San Diego, CA, USA). The run was monitored with respect to specifications outlined by the manufacturer (Illumina). Parameters such as cluster densities, reads passing filter and an output greater than Q30 values were considered as the first quality indicator of the run. Data generated were analyzed using the in-house developed bioinformatics tool “ClinOme”. Quantitative Multiplex Reference Standard (FFPE) from Horizon was included in each batch of library preparation to ensure the quality of the run.




2.5. Statistical Analysis


A random selection of the samples was carried out. The statistical analysis was performed using IBM SPSS 25. The distribution pattern of data was analyzed using a Shapiro–Wilk test. Since the data were not normally distributed, a statistical comparison was performed using the Mann–Whitney U test, and correlation was analyzed using Spearman’s rho test. p < 0.05 and p < 0.01 were considered significant.




2.6. Receiver Operating Characteristic Curve (ROC) Analysis


To evaluate the capacity of each parameter of DNA and RNA for predicting the functionality of libraries for reporting, ROC analysis was performed using IBM SPSS 25. The area under the curve (AUC), specificity, and sensitivity were calculated.





3. Results


3.1. Quality and Quantity of Samples


3.1.1. FFPE DNA: DIN, DNA Concentration and Library Concentration


A total of 144 DNA samples were divided into two groups based on on-target coverage and variant allele frequency (VAF) viz. ≤ 250× and VAF 10% and ≥250× and VAF 10%. Out of 144 FFPE DNA, 98 samples exhibited coverage above 250× and VAF 10% while 46 samples resulted in poor NGS quality, with coverage below 250× and VAF 10%. As suggested in the literature, DNA libraries with ≥250× coverage and VAF of 10% are considered good coverage samples while anything below this criteria was grouped into poor coverage samples [13]. The pre-library and post-library QC of FFPE DNA and RNA are shown in Figure 1. The three-step QC check provides the added advantage of monitoring the library preparation (Figure 2).



The sample characteristics across two groups are displayed in Table 1 and a graphical representation is shown in Figure 3. Table 1 describes poor coverage samples (≤250× and VAF 10%) with a median DIN of 2.1 (1.3–6), initial DNA concentration of 4.99 ng/µL (2.39–53), and a library concentration of 3.955 nanomoles (0.37–27.65). Similarly, the good coverage samples (≥250×, VAF 10%) have a median DIN of 4.8 (3–7), an initial DNA concentration of 39 ng/µL (5.9–764) and a library concentration of 137.18 nanomoles (40.3–325). The Mann–Whitney U test indicated that quality (DIN) and quantity (DNA concentration and library concentration) were significantly higher in the good coverage sample than in the poor coverage sample (p < 0.05).




3.1.2. FFPE RNA: RIN, DV100, DV200, RNA Concentration, Library Concentration


For better quality assurance of RNA along with different methods such as RIN number and DV 100 and DV 200, a PCR amplification assay of housekeeping genes (100 bp, 400 bp size) was performed. Table 2 of 103 RNA samples describes median values for the various parameters in group ≤250× and ≥250× with 5% VAF [14]. Out of 103, 39 samples were able to generate NGS results within the acceptable range (above 250× and 5% VAF) while 64 samples yielded poor quality of coverage which was below 250× and 5% VAF. In the group of ≤250×, the observed value for RIN was 2.3 (1.1–5.6), RNA concentration for cDNA was 299.96 ng (12.67–3927 ng), DV100 was 66.4% (9.15–86.77%), DV200 was 42.91% (2.24–76.44%), and library concentration was 11.14 nanomoles (0.71–292 nanomole). Similarly, the median values for the various parameters in the above 250× group are RIN of 2.3 (1.1–4.3), total RNA concentration of 327.6 ng (14.84–3437 ng) and library concentrations of 79.71 nmol (6.4–284 nanomol). However, only the library concentration value exhibited a statistically significant difference (p < 0.05) across both the groups (≤250× and ≥250× coverage) as per the Mann–Whitney U test (Figure 4).





3.2. Influence of Preanalytical and Post-Analytical Parameters on NGS Coverage


3.2.1. FFPE DNA


Since there was a significant difference in quality and quantity between good and poor coverage samples, we must check the correlation between the overall NGS coverage with DIN, DNA concentration, and library concentration (nanomole). In a Spearman’s rho test (Table 3), it was observed that the overall coverage exhibited a strong positive correlation with DIN (rs = 0.703) and initial DNA concentration (rs = 0.717), while the library concentration showed a very strong positive correlation (rs = 0.808). All correlations showed significance at p < 0.01.




3.2.2. FFPE RNA


Similar to the Spearman’s rho test of RNA samples, the library functionality was found to be correlated with only the RNA library concentration in nanomole (rs = 0.520, p < 0.01), while no correlation was found with other parameters (Table 3).



However, it was also noticed that library concentration showed a weak correlation with DV200 (rs = 0.210, p < 0.05). The median value of DV100 was 63.62% and DV200 was 46.52% in FFPE RNA samples. These samples also exhibited a strong correlation between DV100 and DV200 (R2 = 0.854) (Figure 5). This suggests that compared to other parameters, the concentration of the library and DV 200 has the potential to generate functional libraries. DV 200 also showed an indirect correlation with library functionality. However, RIN, DV100, and total RNA concentration did not show a direct correlation with the library functionality in this study.





3.3. Receiver Operating Characteristic Curve Analyses


This study intended to test the performance parameters of DNA and RNA responsible for producing good coverage libraries, hence ROC analysis was carried out (Figure 6). It was observed that DIN, DNA concentration, and DNA library concentration are good indicators, showing AUC 0.935, 0.944, and 1.00, respectively. In the case of RNA, the ROC curve indicated that RNA library concentration is a better indicator of the library functionality with AUC (0.810). However, RIN showed the least predictive value with AUC (0.504) followed by total RNA concentrations of AUC (0.574), DV100 (0.590), and DV200 AUC (0.598) (Table 4).



Figure 6a,b shows the receiver operating characteristic (ROC) curve analyses of pre-analytical and post-analytical parameters for DNA and RNA. For DNA, pre-analytical parameters are DIN and DNA concentration (ng/µL) while for RNA, RIN, RNA input for cDNA (ng), DV100, and DV200 are the pre-analytical parameters. The post-analytical parameter for DNA and RNA is library concentration (nanomole).



Based on ROC analysis, the parameters showing the highest area under curve (AUC) are considered for cut-off. (Table 5). These threshold values predicted the success of FFPE samples for a targeted NGS assay.




3.4. Decision Tree


Based on the overall study of FFPE samples and the statistical analysis, a decision tree for DNA was established. This provided better predictive values of parameters such as DIN, DNA concentration, and library concentration while implementing targeted NGS in diagnostic settings (Figure 7).





4. Discussion


In this study, it is observed that the quality and quantity of nucleic acid extracted from FFPE tissue are interdependent parameters that can affect the NGS library quality as well as data generated after sequencing. The study also suggests that FFPE samples with DIN < 3 as well as DNA concentration < 5 ng/µL are likely to fail (Figure 7, Group C). Although the Ampliseq protocol says DNA concentrations in the range 1–100 ng should be used, our study strongly suggests, for Indian FFPE blocks, which are substandard at times, not going below a 5 ng/µL DNA concentration, which deviates from the original protocol.



Samples that have a DIN < 3 but concentration ≥ 5 or vice versa (Figure 7, Group B) may generate bad quality data with lower sequencing coverage.



Our study illustrates that if FFPE DNA has a lower DIN value, i.e., it is highly fragmented where the concentration is greater than 5 ng/µL, such samples will also generate poor quality NGS data, therefore, compensating the poor DNA quality with higher DNA concentration is likely to give bad quality NGS data resulting in coverage less than 250× with variants of unknown significance.



This study suggests that there are fewer chances of library failures provided samples had a minimum DIN of 3 with a DNA concentration of at least 5 ng/µL and a minimum library concentration of 40 nmol (Figure 7, Group A).



As per the literature survey, limited studies are present where QC values such as DIN and DNA concentration are evaluated together for FFPE samples as preanalytical factors for amplicon-based NGS. The earlier studies were focused on pH-based ion torrent semiconductor detection technology, while our standardization uses the Illumina NGS platform where sequencing by synthesis is utilized with fluorescence-based detection systems [12].



Bonfiglio et al. [15] used a DIN cut-off of 3 for the whole exome capture system, while David Millan-Esteban [16] showed that a DIN of <2.05 and a quality control value of >5.63 were not suitable for amplicon-based NGS of melanoma samples in storage for more than 7 years. Although the cohort studied by David Millan-Esteban et al. comprised only 59 samples, our study agrees with the previous findings [12].



Overall, our study targeted two-year-old FFPE samples, but not for any specific cancer type. We have demonstrated that purely DIN (≥3), DNA concentration (≥5 ng/µL), and library concentration (≥40 nanomol) are the factors that were able to discriminate the poor coverage and good coverage libraries. A prior study on NGS of cytology samples describes that the success of NGS can be positively correlated with DNA yield [17], while our study suggests that both DNA integrity and optimal DNA concentration are the prime pre-analytical factors responsible for successful NGS libraries of FFPE tissue samples.



This study shows that the abovementioned pre-analytical considerations are the benchmark parameters suitable for predicting the success or failure of FFPE samples for amplicon-based libraries. FFPE samples rejected due to the stringent parameter for NGS assays may be considered for orthogonal testing methods such as real-time PCR, ddPCR, Sanger sequencing, etc. To validate the LOD of the targeted panels, specimens can be diluted to obtain various allele frequencies, followed by a different range of DNA concentrations [18]. In addition, DNA standards of different DIN are also commercially available.



The decision tree approach in the study can be set as a benchmark while working with FFPE samples for molecular testing. Our approach to the targeted panel gives accurate results and thus can become a good laboratory practice for NGS-based testing of FFPE samples in diagnostic laboratories.



Our PCR amplification assay of housekeeping genes has an added advantage for quality confirmation and selection of cDNA with amplifiable transcripts [19]. For FFPE RNA, we observed that RIN is not an accurate quality indicator. Although the RNA samples exhibited satisfactory DV scores in terms of DV100 and DV200, there was no significant difference in DV values with respect to library functionality. Similar results were observed in terms of RNA input concentration for cDNA. For successful RNA libraries, our data strongly suggest that RNA library concentration is an important predictive parameter. This indicates that setting threshold values for RNA quality remains a challenge for FFPE samples.



This study of standardization and optimization of NGS libraries was undertaken in order to minimize the time and the cost of NGS assays. There are also other factors involved in successful assays such as the number of genes and amplicons of the panel, various types of NGS platforms, the total number of samples loaded per batch, and the number of denatured libraries loaded on the flow cell. V2 and V3 sequencing chemistries also affect the coverage of NGS samples. Hence, we suggest that all the above parameters must be considered while standardizing the NGS assays.



Thus, the above benchmark parameters helped to overcome the failure of libraries, and acceptance of FFPE samples in the NGS clinical laboratory. In order to establish a good clinical laboratory practice, this study will be very useful in maintaining the turnaround time (TAT).




5. Conclusions


This study is possibly the first to report the significance of DIN, DNA concentration, and library concentration as predictive combined parameters for successful libraries with good coverage. We can set the following parameters for good coverage of the samples:



1. DNA integrity number (DIN), DNA concentration, and library concentration (nanomole) were associated with the coverage. These values showed significant differences related to sample coverages (above and below 250× with 10% VAF).



2. RNA library concentration is the only parameter directly associated with coverage. However, DV200 showed a correlation with RNA library concentration. The RNA distribution value (DV) value is a better quality metric than the RNA integrity number (RIN). The samples in this study showed a strong correlation between DV100 and DV200 (R2 = 0.854). They also did not show any statistically significant difference between DV100 and DV200 with respect to library functionality.



3. A possible reason might be the FFPE blocks were a maximum of 2 years old, which expressed the median value of DV100 as 63.62% and DV200 as 46.52%, which are within the acceptable range for NGS. However, the literature indicates that the old FFPE blocks of DV100 should be considered over DV200 [20].



4. The ROC curve classified the DIN, DNA concentration and library concentration of DNA and RNA as a performance factor to procure coverage above 250×.



5. Last but not least, we strongly recommend cDNA multiplex housekeeping gene PCR assays for quality assurance of the RNA samples.



Thus, this systematic study helped to establish thresholds that can generate a minimum coverage of 250× with a 10% VAF of the gene alteration, such as a minimum requirement of DIN 3, a DNA concentration of 5 ng/µL, a DNA library concentration of 40 nanomoles, and an RNA library concentration of 30 nanomoles.




6. Limitations and Future Recommendations


The percentage of tumor cells in FFPE specimens can affect the data output. The adjacent non-tumor tissue contaminates the tumor content of the FFPE specimen, thereby undermining the genomic studies. Macro dissection is the preferred method to augment the tumor content of the sample. Due to analytical limitations in this study, macro dissection was bypassed and a baseline of 20% tumor cellularity was set as the threshold value. Samples showing 250× coverage and 10% VAF have a high possibility of false-negative results and low allele frequency mutations; however, a coverage of 500× with 5% VAF is recommended in the FFPE samples. The quality and quantity of FFPE samples may differ depending on the sequencing chemistry, number of genes in the panel, target size, and number of sample pools per run. However, there is a need for an independent study to detect molecular alterations with low allelic fractions in FFPE samples. Therefore, to conclude, performing wet-lab parameters without QC standards for NGS may generate inconsistent and non-reproducible results. Hence, in order to reduce the wastage of expensive reagents and repetition of the assay that leads to an increase in the TAT, this study will be helpful for decision-making in diagnostic labs.



Our NGS study provides straightforward DNA and RNA QC assessment parameters for FFPE samples, and aims to identify the failure of the samples. However, setting up a threshold for FFPE RNA samples remains uncertain. We strongly recommend cDNA multiplex housekeeping gene PCR assays for quality assurance of RNA in addition to a TapeStation.



We strongly recommend that the laboratories perform comprehensive optimization of the commercial kits before implementing and incorporating them into the service of a patient. Thus, to summarize, for FFPE-based NGS samples, DNA integrity number (DIN), DNA concentration, and DNA and RNA library concentrations can be quality checkpoints for successfully targeted panel-based NGS results.







Author Contributions


Conceptualization, A.C. and V.J.; Methodology, A.C., V.J., A.N., K.N., S.K. and P.B.; software, P.C.; validation, A.C., V.J. and A.N.; formal analysis, A.C. and V.J.; investigation, A.C. and V.J.; data curation, A.C. and V.J.; writing—original draft preparation, A.C. and V.J.; Review, A.C., R.K., V.N., V.P., S.B. and K.P.; visualization, A.C. and V.J.; supervision, A.C. and K.P.; project administration, A.C. and K.P.; funding acquisition, K.P. All authors have read and agreed to the published version of the manuscript.




Funding


This study is directly related to the diagnostics service. The funding is provided through the operational budget of the Department of Medical Oncology, Tata Memorial Hospital, Mumbai, India.




Institutional Review Board Statement


IRB approval was not applicable since the study was conducted on the routine diagnostic FFPE sample.




Informed Consent Statement


Patient consent was waived since the study ws conducted on the routine diagnostic FFPE samples.




Data Availability Statement


The data analyzed in this study is subject to the following licenses/restrictions: As per HIPPA regulations, the datasets for this manuscript are not publicly available. Requests to access the datasets should be directed to A.C., email: anu.c1112@gmail.com.




Acknowledgments


The authors express deep gratitude towards Sudeep Gupta, Director Advanced Centre for Treatment, Research and Education in Cancer, Tata Memorial Centre Mumbai, Maharashtra, India to provide the facility of MiSeq Platform for diagnostics in the Clinician Scientist Laboratory. We highly appreciate Amit Dutt’s (Principle Scientist–Integrated Genomics Laboratory, Advanced Centre for Treatment, Research and Education in Cancer, Tata Memorial Centre, Mumbai, Maharashtra, India and recipient of Shanti Swarup Bhatnagar Award 2017) contribution for his extensive knowledge regarding the next generation sequencing, which was a value addition to this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lawrence, M.S.; Stojanov, P.; Mermel, C.H.; Robinson, J.T.; Garraway, L.A.; Golub, T.R.; Meyerson, M.; Gabriel, S.B.; Lander, E.S.; Getz, G. Discovery and saturation analysis of cancer genes across 21 tumour types. Nature 2014, 505, 495–501. [Google Scholar] [CrossRef] [PubMed]

	



Vogelstein, B.; Papadopoulos, N.; Velculescu, V.E.; Zhou, S.; Diaz, L.A.J.; Kinzler, K.W. Cancer genome landscapes. Science 2013, 339, 1546–1558. [Google Scholar] [CrossRef] [PubMed]

	



Hovelson, D.H.; McDaniel, A.S.; Cani, A.K.; Johnson, B.; Rhodes, K.; Williams, P.D.; Bandla, S.; Bien, G.; Choppa, P.; Hyland, F.; et al. Development and validation of a scalable next-generation sequencing system for assessing relevant somatic variants in solid tumors. Neoplasia 2015, 17, 385–399. [Google Scholar] [CrossRef] [PubMed]

	



Morash, M.; Mitchell, H.; Beltran, H.; Elemento, O.; Pathak, J. The Role of Next-Generation Sequencing in Precision Medicine: A Review of Outcomes in Oncology. J. Pers. Med. 2018, 8, 30. [Google Scholar] [CrossRef] [PubMed]

	



Berrino, E.; Annaratone, L.; Miglio, U.; Maldi, E.; Piccinelli, C.; Peano, E.; Balmativola, D.; Cassoni, P.; Pisacane, A.; Sarotto, I.; et al. Cold Formalin Fixation Guarantees DNA Integrity in Formalin Fixed Paraffin Embedded Tissues: Premises for a Better Quality of Diagnostic and Experimental Pathology with a Specific Impact on Breast Cancer. Front. Oncol. 2020, 10, 173. [Google Scholar] [CrossRef] [PubMed]

	



Bettoni, F.; Koyama, F.C.; de Avelar Carpinetti, P.; Galante, P.A.F.; Camargo, A.A.; Asprino, P.F. A straightforward assay to evaluate DNA integrity and optimize next-generation sequencing for clinical diagnosis in oncology. Exp. Mol. Pathol. 2017, 103, 294–299. [Google Scholar] [CrossRef] [PubMed]

	



Hedegaard, J.; Thorsen, K.; Lund, M.K.; Hein, A.-M.K.; Hamilton-Dutoit, S.J.; Vang, S.; Nordentoft, I.; Birkenkamp-Demtröder, K.; Kruhøffer, M.; Hager, H.; et al. Next-Generation Sequencing of RNA and DNA Isolated from Paired Fresh-Frozen and Formalin-Fixed Paraffin-Embedded Samples of Human Cancer and Normal Tissue. PLoS ONE 2014, 9, e98187. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, F.; Maughan, N.J.; Smith, V.; Hillan, K.; Quirke, P. Unlocking the archive—Gene expression in paraffin-embedded tissue. J. Pathol. 2001, 195, 66–71. [Google Scholar] [CrossRef]

	



Ivanov, M.; Laktionov, K.; Breder, V.; Chernenko, P.; Novikova, E.; Telysheva, E.; Musienko, S.; Baranova, A.; Mileyko, V. Towards standardization of next-generation sequencing of FFPE samples for clinical oncology: Intrinsic obstacles and possible solutions. J. Transl. Med. 2017, 15, 22. [Google Scholar] [CrossRef] [PubMed]

	



Siwoski, A.; Ishkanian, A.; Garnis, C.; Zhang, L.; Rosin, M.; Lam, W.L. An Efficient Method for the Assessment of DNA Quality of Archival Microdissected Specimens. Mod. Pathol. 2002, 15, 889–892. [Google Scholar] [CrossRef] [PubMed]

	



Chougule, S.B.; Jagtap, A.V.; Pange, P.; Kale, S.; Chandrani, P.; Prabhash, K. Standardization, optimization, and quality management of FFPE solid tumor diagnostic samples in next-generation sequencing: An experience in our Tata Memorial Centre India. J. Mol. Diagn. 2019, 21, 1133–1134. Available online: https://www.jmdjournal.org/action/showCitFormats?pii=S1525-1578%2819%2930391-5 (accessed on 8 May 2022).

	



Chen, H.; Luthra, R.; Goswami, R.S.; Singh, R.R.; Roy-Chowdhuri, S. Analysis of Pre-Analytic Factors Affecting the Success of Clinical Next-Generation Sequencing of Solid Organ Malignancies. Cancers 2015, 7, 1699–1715. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.R.; Patel, K.P.; Routbort, M.J.; Reddy, N.G.; Barkoh, B.A.; Handal, B.; Kanagal-Shamanna, R.; Greaves, W.O.; Medeiros, L.J.; Aldape, K.D.; et al. Clinical validation of a next-generation sequencing screen for mutational hotspots in 46 cancer-related genes. J. Mol. Diagn. 2013, 15, 607–622. [Google Scholar] [CrossRef] [PubMed]

	



Boyle, T.A.; Mondal, A.K.; Saeed-Vafa, D.; Ananth, S.; Ahluwalia, P.; Kothapalli, R.; Chaubey, A.; Roberts, E.; Qin, D.; Magliocco, A.M.; et al. Guideline-Adherent Clinical Validation of a Comprehensive 170-Gene DNA/RNA Panel for Determination of Small Variants, Copy Number Variations, Splice Variants, and Fusions on a Next-Generation Sequencing Platform in the CLIA Setting. Front. Genet. 2021, 12, 725. Available online: https://www.frontiersin.org/article/10.3389/fgene.2021.503830 (accessed on 8 May 2022). [CrossRef] [PubMed]

	



Bonfiglio, S.; Vanni, I.; Rossella, V.; Truini, A.; Lazarevic, D.; Dal Bello, M.G.; Alama, A.; Mora, M.; Rijavec, E.; Genova, C.; et al. Performance comparison of two commercial human whole-exome capture systems on formalin-fixed paraffin-embedded lung adenocarcinoma samples. BMC Cancer 2016, 16, 692. [Google Scholar] [CrossRef] [PubMed]

	



Millán-Esteban, D.; Reyes-García, D.; García-Casado, Z.; Bañuls, J.; López-Guerrero, J.A.; Requena, C.; Rodríguez-Hernández, A.; Traves, V.; Nagore, E. Suitability of melanoma FFPE samples for NGS libraries: Time and quality thresholds for downstream molecular tests. Biotechniques 2018, 65, 79–85. [Google Scholar] [CrossRef] [PubMed]

	



Roy-Chowdhuri, S.; Goswami, R.S.; Chen, H.; Patel, K.P.; Routbort, M.J.; Singh, R.R.; Broaddus, R.R.; Barkoh, B.A.; Manekia, J.; Yao, H.; et al. Factors affecting the success of next-generation sequencing in cytology specimens. Cancer Cytopathol. 2015, 123, 659–668. [Google Scholar] [CrossRef] [PubMed]

	



Sussman, R.T.; Shaffer, S.; Azzato, E.M.; DeSloover, D.; Farooqi, M.S.; Meyer, A.; Lieberman, D.B.; Bigdeli, A.; Paolillo, C.; Ganapathy, K.; et al. Validation of a next-generation sequencing oncology panel optimized for low input DNA. Cancer Genet. 2018, 228–229, 55–63. [Google Scholar] [CrossRef] [PubMed]

	



Wehmas, L.C.; Wood, C.E.; Chorley, B.N.; Yauk, C.L.; Nelson, G.M.; Hester, S.D. Enhanced Quality Metrics for Assessing RNA Derived from Archival Formalin-Fixed Paraffin-Embedded Tissue Samples. Toxicol. Sci. 2019, 170, 357–373. [Google Scholar] [CrossRef] [PubMed]

	



Levin, Y.; Talsania, K.; Tran, B.; Shetty, J.; Zhao, Y.; Mehta, M. Optimization for Sequencing and Analysis of Degraded FFPE-RNA Samples. J. Vis. Exp. 2020, 160, e61060. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 12 01291 g001 550] 





Figure 1. Quality check of FFPE DNA and RNA samples. (A,B): the fragment distribution of FFPE DNA and RNA samples on TapeStation, respectively. This shows the variation in nucleic acid extracted from FFPE samples before the library preparation (Left to Right). (C,D): the FFPE DNA library and RNA library, respectively. The average library size observed in the study for DNA is 255 bp and RNA is 245 bp (Left to Right). 
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Figure 2. Three-step quality check of representative FFPE DNA samples. (a). Good on-target coverage DNA sample QC on TapeStation. (b) Poor on-target coverage FFPE DNA sample qc on TapeStation. Figure 2 shows a three-step quality check (QC) of representative FFPE DNA samples showing good and poor coverage on TapeStation, respectively. Step 1: QC after amplification with DNA primer pool, Step 2: QC after index adapter ligation to the amplified DNA sample, Step 3: Final library after purification with magnetic beads. The good coverage samples (a) had DIN: 5.9, DNA concentration: 110 ng/µL, library concentration: 170 nmol, average library size (bp): 230, coverage: 804×. The poor coverage sample (b) had DIN: 2.3, DNA concentration: 2.5 ng/µL, library concentration: 2.12 nmol, average library size (bp): 253, coverage: 3.5×. 
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Figure 3. Graphical representation of parameters in FFPE DNA samples according to NGS coverage. (a): DIN, (b): DNA concentration, (c): DNA library concentration (Left to right). Figure 3 shows a box plot of FFPE DNA sample coverage with respect to parameters such as DIN, DNA concentration, and library concentration. All the parameters show a significant difference between the poor coverage (below 250× and 10% VAF) and good coverage (above 250× and 10% VAF). * represents the extreme data points, ◦ represents the ouliers data points. 
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Figure 4. Graphical representation of FFPE RNA samples according to NGS coverage. (a): RIN, (b): RNA input for cDNA, (c): RNA library concentration, (d): DV 100, (e): DV 200 (Left to Right). The figure describes a box plot of FFPE RNA samples coverage with respect to parameters such as RIN, RNA input for cDNA, RNA library concentration, DV 100, and DV 200. Only RNA library concentration (nanomol) was found to be significantly different between poor coverage (below 250×) and good coverage (above 250×). * represents the extreme data points, ◦ represents the ouliers data points. 
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Figure 5. Graphical representation of overall distribution value (dv) in FFPE RNA samples. (a): DV100 (Overall) (b): DV 200 (Overall) (c): Correlation between DV100 and DV200 (Left to Right). (a,b) describe the box plot of DV 100 and DV200 for RNA samples in the study. (c): The correlation between DV100 and DV200 for RNA samples in the study. ◦ represents the ouliers data points. 
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Figure 6. ROC analysis of FFPE samples. (a) DNA, (b) RNA. 
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Figure 7. Decision tree for FFPE DNA. This figure describes the decision tree based on the pre-analytical and post-analytical parameters observed in 144 DNA samples. DIN, DNA concentration, and library concentration are found to be the predictive parameters while implementing targeted NGS in diagnostic settings. The first QC checkpoint is at the preanalytical phase consisting of DIN and DNA concentration. The second QC is at the library concentration of DNA samples. Implementing both QC checks can predict the outcome of FFPE DNA-based NGS for a targeted panel in a diagnostics setting. 
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Table 1. Sample characteristics of FFPE DNA according to NGS coverage.
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FFPE DNA




	
Parameters

	
≤250× and VAF 10% (Poor Coverage) (n = 46)

	
≥250× and VAF 10% (Good Coverage) (n = 98)

	
p-Value




	
Minimum

	
Median

	
Maximum

	
Minimum

	
Median

	
Maximum






	
DNA Integrity Number (DIN)

	
1.3

	
2.1

	
6

	
3

	
4.8

	
7

	
<0.05




	
Initial FFPE DNA concentration (ng/µL)

	
2.39

	
4.99

	
53

	
5.9

	
39.175

	
764

	
<0.05




	
Library concentration (nanomol)

	
0.37

	
3.955

	
27.65

	
40.3

	
137.18

	
325

	
<0.05
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Table 2. Sample characteristics of FFPE RNA according to NGS coverage.
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FFPE RNA




	
Parameters

	
≤250× and VAF 5% (Poor Coverage) (n = 64)

	
≥250× and VAF 5% (Good Coverage) (n = 39)

	
p-Value




	
Minimum

	
Median

	
Maximum

	
Minimum

	
Median

	
Maximum






	
RIN

	
1.1

	
2.3

	
5.6

	
1.2

	
2.3

	
4.3

	
0.948




	
RNA input for cDNA

	
12.67

	
299.95

	
3927

	
14.84

	
327.6

	
3437

	
0.21




	
DV100

	
9.15

	
66.4

	
86.77

	
18.25

	
71.055

	
91.04

	
0.128




	
DV200

	
2.24

	
42.91

	
76.44

	
10.61

	
49.13

	
79.46

	
0.095




	
RNA Library Concentration Nanomol

	
0.716

	
11.14

	
292

	
6.4

	
79.715

	
284.09

	
<0.05
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Table 3. Correlation of pre-analytical and post-analytical parameters with coverage status.
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Parameters

	
Correlation Coefficient

w.r.t NGS Coverage

	
p-Value






	
FFPE DNA




	
DNA Integrity Number (DIN)

	
0.703 **

	
<0.01




	
FFPE DNA concentration (ng/µL)

	
0.717 **

	
<0.01




	
Library concentration (nanomole)

	
0.808 **

	
<0.01




	
FFPE RNA




	
RIN

	
0.006

	
0.949




	
RNA input for cDNA (ng)

	
0.124

	
0.211




	
DV100

	
0.151

	
0.128




	
DV200

	
0.165

	
0.095




	
RNA Lib Conc Nanomole

	
0.520 **

	
<0.01








** = Correlation is significant at the 0.01 level. All correlations were analyzed using Spearman’s rho test. The DNA preanalytical parameters are DIN and DNA concentration (ng/µL) while for RNA, RIN, RNA input for cDNA (ng), DV100, and DV200 are preanalytical steps. The post-analytical parameter for DNA and RNA is library concentration (nanomole).
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Table 4. Area under curve (AUC) of ROC analysis for DNA and RNA parameters.
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Parameters

	
Area under Curve

	
Standard Error






	
DNA




	
DNA Integrity Number (DIN)

	
0.935

	
0.029




	
DNA concentration (ng/µL)

	
0.944

	
0.022




	
DNA Library Concentration (nmol)

	
1.000

	
0.000




	
RNA




	
RNA Integrity Number (RIN)

	
0.504

	
0.059




	
RNA input for cDNA (ng)

	
0.574

	
0.059




	
DV 100%

	
0.590

	
0.057




	
DV 200%

	
0.598

	
0.057




	
RNA library concentration (nmol)

	
0.810

	
0.042








Results represented are at a 95% confidence interval (CI).
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Table 5. The cut-off value of pre-analytical and post-analytical parameters for FFPE DNA and RNA.
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	Parameters
	Area under Curve (AUC)
	Std. Error
	Cutoff Value
	Sensitivity
	1-Specificity





	DNA Integrity Number (DIN)
	0.935
	0.029
	3.00
	1
	0.152



	FFPE DNA concentration (ng/µL)
	0.944
	0.022
	5.00
	1
	0.5



	Library concentration (nmol) (DNA)
	1.000
	0.000
	40.65
	0.99
	0.00



	Library concentration (nanomole) (RNA)
	0.814
	0.042
	30.80
	0.718
	0.234







Table 5 The pre-analytical parameters are DIN and FFPE DNA concentration. Post-analytical parameters consist of the library concentration (nanomole) of DNA and RNA.
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