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ABSTRACT 

Formalin-fixed-paraffin-embedded (FFPE) samples represent the cornerstone of tissue-based 

analysis in precision medicine. Targeted next-generation sequencing (NGS) panels are 

routinely used to analyze a limited number of genes to guide treatment decision making for 

advanced stage patients. The number and complexity of genetic alterations to be investigated 

are rapidly growing, in several instances a comprehensive genomic profiling (CGP) analysis 

is required. The poor quality of genetic material extracted from FFPE samples may impact the 

feasibility/reliability of sequencing data. 

We sampled 9 colorectal cancers to allow 4 parallel fixations: i) neutral buffered formalin 

(NBF); ii) acid-deprived formalin fixation (ADF); iii) pre-cooled ADF (coldADF); iv) Glyoxal 

Acid-Free (GAF). DNA extraction, fragmentation analysis and sequencing by using two large 

NGS panels (OCAv3, TSO500) followed. We comprehensively analyzed library and 

sequencing QCs, and the quality of sequencing results. 

Libraries from coldADF samples showed significantly longer reads than the others with both 

panels. ADF and coldADF derived libraries showed the lowest level of noise and the highest 

levels of uniformity with the OCAv3 panel, followed by GAF and NBF samples. The data 

uniformity was confirmed by TSO500 results, which also highlighted the best performance in 

terms of total region sequenced for ADF and coldADF samples. NBF samples had a 

significantly smaller region sequenced, displayed a significantly lower number of evaluable 

MS loci and a significant increase in SNVs compared to other protocols. The mutational 

Signature 1 (aging-, FFPE artifact- related) showed the highest (37%) and the lowest (17%) 

values in NBF and coldADF samples, respectively. 

Most of identified genetic alterations were shared by all samples in each lesion. Five genes 

showed a different mutational status across samples and/or panels: four discordant results 

involved NBF samples. 

In conclusion, acid-deprived fixatives guarantee the highest DNA preservation/sequencing 

performance, suggesting possible implementation of even more complex molecular profiling 

on tissue samples. 
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INTRODUCTION 

Next-Generation Sequencing (NGS) technology allows the detection and assessment of 

genetic alterations in cancer tissues, and it represents an increasingly practiced approach to 

meet the requirements of tailored therapies. Even though DNA from fresh-frozen tissues would 

appear as ideally suited for this type of analysis, several reasons impose the use of DNA 

extracted from routinary formalin-fixed paraffin embedded (FFPE) tissue blocks1. Notable is 

the bonus of the availability of well characterized archival material, which is collected with 

standard, reliable and time-honored procedures, and even stored for long times (up to several 

years). In addition, histological and, in case, immunohistochemical control allows to select and 

accordingly extract the correct tumoral lesion. Finally, a FFPE tissue block is often the only 

material available for properly addressing therapy-related questions. 

Unfortunately, the poor quality of genetic material extracted from FFPE tissue blocks may 

impact the feasibility and the reliability of NGS data 2-4. Among the different pre-analytical steps 

involved in the generation of FFPE tissue blocks, the most critical one is represented by 

formalin fixation. Inadequate procedures, such as delayed, insufficient, or over-extended 

fixation or the use of acidic formalin are known to impact the results5. However, even following 

the standard use of Neutral Buffered Formalin (NBF), extensive DNA fragmentation and 

chemically induced changes are often affecting the results. 

Formaldehyde binds to the amino groups of nucleotide bases. Deamination of cytosine can 

lead to misinterpretation of DNA sequences, particularly to an increased identification of 

cytosine (C) to thymine (T) and guanine (G) to adenine (A) (C:G > T:A). Several studies have 

investigated the detection of artifactual mutations resulting from the deamination process, a 

potential cause of erroneous treatments1-4. However, false-positive mutations remain a risk for 

NGS analysis of DNA extracted from FFPE tissue blocks, further enhanced by the extensive 

fragmentation of this material3. 

Indeed, tissue fixation in formalin is known to produce DNA fragmentation, but the degree of 

fragmentation varies in different tissue blocks and, in this respect, the DNA “quality” (i.e., the 

degree of fragmentation) heavily impacts the results of genetic analysis. Several studies 
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indicate that a reduced size of DNA templates decreases the success rate of amplicon-based 

methods and even leads to false positive data 6-8.  

The formulation of NBF consists of a solution in phosphate buffer of commercial formaldehyde, 

a reagent known to be rich in formic acid. The latter, once linked to sodium ions in NBF, is 

commonly regarded as ineffective. However, we have recently shown that removal of formic 

acid is responsible for a significant improvement in DNA preservation9, pointing out  possible 

detrimental effect of buffered acid residues on DNA, This was also supported by the  evidence 

that a tissue fixation based on an acid deprived glyoxal, which is still a di-aldehyde, can be 

approached by maintaining the histological and immunophenotypical features of tissues10. 

Since there is a gap of knowledge on the real effect of tissue fixation on sequencing results, 

especially when sequencing is approached by means of a comprehensive genomic profiling 

(CGP) rather than by small, targeted panels, we have addressed this issue in the present 

study.  

 

MATERIALS AND METHODS 

Cases 

We sampled 9 colorectal cancer patients with surgical resection of at least 2 cm in size to 

allow 4 parallel fixations (in total 36 FFPE tissue blocks). We also sampled a liver 

hepatocellular carcinoma (aka hepatoma) that underwent thermal-ablation before surgery, as 

a control of potential “necrosis-induced” DNA degradation.  

The study was approved by the Ethics Institutional Review Board (IRB) responsible for 

“Biobanking and use of human tissues for experimental studies” – Department of Medical 

Sciences, University of Turin. Surgical specimens were processed following the under-

vacuum sealing and cooling procedure11,12. Each of the 10 collected samples was fixed for 24 

hours in parallel as follows: (i) standard formalin fixation, i.e., NBF (Diapath, Bergamo Italy), 

pH 7.2-7.4, which represents the fixative used in daily practice and in all the previous 

projects9,10,13; (ii) acid-deprived formalin fixation, i.e., ADF, prepared by Addax Biosciences srl, 

(Turin, Italy) as previously reported9 ; (iii) pre-cooled ADF i.e., coldADF, in which the sample 
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was immersed in pre-cooled 4% ADF and fixed for 24h at 4°C, as previously described13; (iv) 

Glyoxal Acid-Free, i.e. GAF, prepared by Addax Biosciences s.r.l. (Turin, Italy), as previously 

described10,14, for a total of 40 samples. Features of the fixatives were reported in Table 1. 

A second cohort of nine tissues (both normal and tumoral specimens) were fixed only with 

GAF and with “standard glyoxal” (a solution of commercial Glyoxal in 0,1M Phosphate buffer 

pH 7,2) for a total of 18 tissue blocks.  

After fixation, the samples were routinely processed and embedded in paraffin using an 

HistoCore PELORIS 3 Premium Tissue Processing System (Leica Biosystems, Italy) 

 

DNA Extraction and Quantification 

Two pathologists evaluated histological and pathological features of tissue samples. Based 

on the hematoxylin and eosin (H&E) stained slide, we recorded two parameters: (i) the 

percentage of tumor area (%) and (ii) the total (mm2) tumor area. DNA was purified from five 

6-µm thick sections with QIAamp DNA FFPE Advanced Kit (Qiagen, Hilden, Germany), 

following manufacturer’s protocol, and eluted in 40µL of nuclease-free water. We performed 

both fluorimetric (Qubit 3.0 fluorimeter, ThermoFisher Scientific, Wilmington, DE, USA) and 

spectrophotometric (NanoDrop 1000 Spectrophotometer ThermoFisher Scientific, 

Wilmington, DE, USA). The total yield of the extraction (ng) was normalized for the lesion area 

(mm2), and the ng/mm2 was used as the variable to define the extraction yield. Absorbance 

ratio between 260 nm and 230 nm (R230) and 280 nm (R280) were calculated by 

spectrophotometer to evaluate the extraction purity. 

 

DNA Fragmentation assays  

As part of the pre-analytical Quality Controls (QCs) we assessed the DNA fragmentation with 

two independent methods.  

On one side, we applied the Genomic DNA ScreenTape assay on the Agilent TapeStation 

4150 instrument (Agilent Technologies, Santa Clara, CA, USA) allowing fragment analysis for 

a range between 0–60.000 bp for analysis. This method provides a discrete parameter for the 
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DNA integrity (the DNA Integrity Number/DIN) and a continuous distribution of the fragments. 

The continuous size distribution analysis was performed as described here (9), calculating the 

total area under the curve for each bin of size.  

On the other side, we applied the DEPArray™ FFPE QC Kit (Menarini-Silicon Biosystem, 

Bologna, Italy), as previously reported13. Briefly, the assay is based on two qPCRs, 

encompassing the same genomic region, but producing amplicons of different size (54 and 

132 bp). Standard curves allow quantifying the amount of each primer, and the ratio between 

these amounts returns a linear QC score, ranging from 0 to ∞, where zero represents a highly 

fragmented DNA. The assay also represents a proof of amplifiability of the DNA sample. 

 

CGP by amplicon-based targeted sequencing 

One hundred ng of each sample was used as input for the Oncomine Comprehensive Assay 

(OCAv3) targeted gene panel. This kit evaluates hot spot regions of 87 and the full coding 

region of 48 genes (gene for the DNA assay 135 genes), for a total of 0.397 Mb. The libraries 

were prepared using the Ion AmpliSeq Library kit Plus (Thermo Fisher Scientific) with the 

standard protocol. Samples were barcoded using 40 different Ion Xpress Barcodes. The Ion 

Library TaqMan Quantitation Kit (Thermo Fisher Scientific) allows a sensible and specific 

quantification to dilute each library to 100 pM. Samples were loaded into two 550 Ion Chip 

GeneStudio S5 Plus System for the sequencing (Thermo Fisher Scientific) with a minimum 

mean read depth of 500x. Aligned files (BAM) were processed from raw data and generated 

by the Ion Torrent software pipeline (Torrent Suite Software 5.12, Thermo Fisher Scientific). 

QCs and DNA variant calls were processed using the Ion Reporter Software (version. 5.10) 

and analyzed as previously reported15.  

We assessed the quality of the sequencing by analyzing the following parameters: 

1) Library QCs: 

•Library yield. The quantity of library obtained by the on Library TaqMan Quantitation 

Kit (Thermo Fisher Scientific), in nM; 
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•Library size. The median size calculated using the DNA1000 HS of the Agilent 

TapeStation 4150 instrument (Agilent Technologies, Santa Clara, CA, USA), in bp; 

2) Sequencing QCs: 

•Read depth: the median value of sequencing depth, in x;  

•Read length: the mean length of the insert size post reads trimming, in bp; 

•Reads on target: the percentage of the reads aligned to the targeted regions, in %; 

•Uniformity of coverage: the percentage of the analyzed genome in which the read 

depth is greater than 0.2 times the mean depth, in %; 

• Median Absolute Pairwise Difference (MAPD). The median of the absolute values of 

all such differences in log2(𝑟𝑒𝑎𝑑 𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑖𝑜) is the measure of sequencing noise, 

important for cnv analysis. Higher values = reduced quality. 

3) Sequencing results 

•OncoPrint of Variants: representation of variant calling for all somatic SNVs and small 

indels with a variant allele frequency (VAF) >= 0.1. 

 

CGP by hybrid captured-based targeted sequencing 

We performed DNA sequencing on the same samples by using a second NGS targeted panel, 

the Illumina TruSight Oncology 500. This hybrid captured-based approach comprises the 

coding sequence of 523 genes, with a total panel size of 1.94 Mb, 1.2 of coding regions. The 

size of this panel allows to evaluate tumor mutational burden and microsatellite instability, by 

processing the raw data using the associated Illumina local app. Briefly, 80 ng of genomic 

DNA was used to generate libraries that were sequenced on the Novaseq6000 instrument 

(Illumina, San Diego, California, USA) to reach a minimum of 150× read depth. Data was 

processed as previously described16-18. TSO500 data also allows to predict the mutational 

signatures for each type of fixation, by applying the MuSiCa tool for targeted sequencing 19.  

We assessed the quality of the sequencing by analyzing the following parameters: 

1) Sequencing QC: 

•Read depth: the median value of sequencing depth, in x;  
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•Read length: the mean length of the insert size post reads trimming, in bp; 

•Coding region sequenced (Mb): the size of coding region sequenced with at least 50X 

of depth, in Mb;   

•Usable MSI sites: the number of high-quality microsatellite sites; 

•Chimerism: the variability of the libraries on the basis of the number of amplicon family 

and the percentage of chimeric reads, demultiplexing the unique molecular identifier 

(UMI) inserted during the library preparation; 

•Reads on target: the percentage of the reads aligned to the targeted regions, in %; 

•Uniformity of coverage: the percentage of the sequenced region covered at 100x and 

250x, in %. 

2) Sequencing results: 

•Jaccard index (JI): a measurement of the similarity between the nucleotide alteration 

compared to the reference sequence in all the chromosome location, as previously 

described 20. We calculated the JI by comparing each fixation type on the basis of all 

nucleotide variants, both in germline and somatic settings; 

•Mutational signature profile: the mutational signatures were evaluated using the six 

substitution subtypes (C>A, C>G, C>T, T>A, T>C, and T>G) with a VAF > 0.05 and 

their and their neighboring sequences 21; 

•OncoPrint of variants: representation of variant calling for all somatic SNVs and small 

indels with a variant allele frequency (VAF) >= 0.1. 

 

 

Statistical analysis 

Statistics were performed with the R software v4.03. Differences in distributions were analyzed 

with a paired T-test and contingency by Fisher’s exact or χ-square test. P < 0.05 were 

considered as statistically significant. The JI was calculated with the proxy (version 0.4-16) 

package of the R software. 
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RESULTS 

Impact of the different fixations on DNA pre-analytic features 

We conducted a series of tests on DNA from 9 colorectal carcinomas in order to compare the 

effect of fixation with standard NBF and two acid-deprived fixatives (ADF and GAF). In 

addition, we tested whether ADF pre-cooling could further ameliorate DNA preservation. 

We  successfully purified DNA from all tissue samples (n=40). First, we assessed whether the 

different protocols could affect the yield of extraction. To reduce the impact of the lesion size, 

we normalized the total DNA extracted for the size, obtaining a value representing ng/mm2 for 

both fluorometric and spectrophotometric assays. Median levels were comparable for all the 

fixation types (paired T-test, Supplementary Figure 1A). In line with the DNA extraction yield, 

the different fixation types did not impact the R230 and R280 values (Supplementary Table 1, 

Supplementary Figure 1B). 

To analyze in depth the degree of DNA fragmentation, we applied two parallel tests. The 

qPCR-based assay returned a QC score that was higher for ADF, coldADF and GAF 

compared to NBF specimens, significantly higher in the comparison ADF versus NBF and 

coldADF versus NBF (Supplementary Table 1 and Supplementary Figure 1C). The automated 

electrophoresis Tapestation 4150 provides both a punctual (DIN) and a continuous information 

about the fragment size distribution within the sample. ColdADF showed the highest DIN 

values overall, even though differences among the different fixatives were not statistically 

significant (Supplementary Table 1 and Supplementary Figure 1C). 

Since the DIN represents a static parameter, to comprehensively evaluate the composition of 

DNA fragments within the samples, we applied unsupervised clustering to the AUC of each 

bin size (Figure 1). We identified three classes of fragmentation, mostly related to the 

percentage of fragments < 1000 bp, with a trend of lower fragmentation from the top to the 

bottom of the heatmap (Figure 1). By annotating for the fixation type we identified a polarization 

of ADF and coldADF in the class with lower fragmentation (red and black squares in the left 

annotation of Figure 1). This was confirmed by χ-square test (p = 0.0009). This polarization 

was patient-independent, with the exclusion of DNAs purified from the thermo-ablated 
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hepatoma, characterized by the lowest DINs and QC scores (right annotations in Figure 1) 

and clustering all together at the top of the heatmap (Figure 1). Taken together, these results 

suggest an increment in terms of purity and structural integrity of the DNA after acid deprivation 

(from NBF to ADF/coldADF). We wondered whether this could be applied also to tissues fixed 

in standard glyoxal versus GAF (acid deprived glyoxal). Boxplots in Supplementary Figure 1D 

showed a significantly higher DIN in GAF specimens compared to those fixed with standard 

glyoxal. 

 

Impact of the different fixations over a CGP based on an amplicon-based DNA targeted 

sequencing 

Comparative results of the sequencing with the Oncomine Comprehensive v3 panel were 

divided into library preparation QCs, sequencing QCs and sequencing results.  

In terms of library QCs, the analysis on the TapeStation electrophoresis showed larger library 

size (bp) for coldADF-fixed specimens, confirming higher quality of these samples, despite a 

similar library yield (Supplementary Figure 2A). Boxplots displayed comparable library size for 

GAF and ADF, slightly higher than NBF-fixed samples.  

We pooled the normalized libraries in two IonTorrent 550 chips, to reach at least a mean depth 

of 500x. Libraries were balanced, hence no differences in depth were identified across the 

different fixation types (Supplementary Table 2). After trimming, we detected a read length in 

line with the previous result of library size, with NBF-derived libraries significantly shorter than 

the others (Figure 2A, Supplementary Table 2). Following alignment, we calculated the fraction 

of reads falling on the target region, together with the uniformity of spreading within that region. 

Despite a comparable, high level of on-target sequencing (Figure 2B, Supplementary Table 

2), uniformity was significantly reduced in NBF fixed tissues. Conversely, ADF and coldADF 

derived libraries were characterized by high levels of uniformity, while GAF libraries by an 

intermediate level (Figure 2B, Supplementary Table 2).  

Amplicon-based libraries also allow the calculation of the Median Absolute Pairwise 

Difference, which consists of the difference between the quantity (as log2 of read count ratio) 
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of adjacent amplicons, as a measure of “amplification noise”. In line with previous data, 

libraries from NBF tissues showed the highest level of noise, significantly higher than ADF and 

coldADF (Supplementary Figure 2B, Supplementary Table 2). Similarly to previous data, 

libraries from GAF tissues showed a medium level noise. 

Sequencing results are reported in the OncoPrint in Figure 2C. OCAV3 somatic variants are 

reported in Supplementary Table 3, together with the alteration identified in the TSO500 

sequencing. The hepatoma did not harbor any variants in any of the parallel samples. When 

focusing on CRCs, we observed that CRC#9 showed more variants than the other tumor 

samples. At the same time, CRC#9 samples with different fixation harbored variability in terms 

of type and quantity detected variants. In addition, scattered and rare discrepancies were 

identified within parallel samples (different fixation protocols) of other CRCs (discussed below 

by integration of a cross-comparison with the hybrid-capture based data).  

 

Impact of the different fixations over a CGP based on a hybrid-capture DNA targeted 

sequencing 

Comparative results for sequencing with the TruSight Oncology 500 panel were divided into 

library sequencing QCs and sequencing results.  

In line with OCAv3, median depth was not influenced by the fixation type (Supplementary 

Table 4) and read length comparison confirmed longer reads for ADF and coldADF, with NBF 

libraries being significantly shorter compared to other fixatives Supplementary Table 4). 

The TSO500 is a Unique Molecular Identifiers (UMI)-based panel, in which these short random 

nucleotide sequences are added to each molecule of a sample prior to PCR, to reduce the 

impact of PCR-duplicates. By grouping the UMI deduplicated reads into families, the pipeline 

returns the UMI family size (larger size → lower PCR errors) and the percentage of chimeric 

reads (i.e., PCR duplicates). No differences were observed within the 4 fixatives for the 

percentage of chimeric reads, however ADF and coldADF derived-libraries showed the 

highest UMI-family size, compared with GAF and NBF (Supplementary Table 4).  
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The coding size of TSO500 consists of 1.27 Mb in size, and we wondered whether different 

fixatives could influence the total region sequenced. In line with the lower quality of the 

libraries, NBF showed a significantly smaller region sequenced, with both ADF-based fixatives 

showing the best performance (Figure 3A and Supplementary Table 4). TSO500 also 

evaluates a total of 120 MS loci for the MS instability test. We observed a significantly lower 

number of evaluable MS loci in NBF, compared to all the other fixatives (Supplementary Table 

4).  

The analysis of the reads on-target demonstrated a significantly higher quantity of off-targets 

in the libraries stemming from NBF fixed samples, thus affecting the uniformity of coverage at 

250X that was significantly lower for NBF samples compared to the others (Figure 3B).  

 

The OncoPrint in Figure 3C reports the 50 most frequently mutated genes with somatic 

variants harboring a VAF of at least 0.1. The hepatoma samples were all WT. In line with the 

OCAv3 results, CRC#9 showed a high mutational load (ADF=66.3, coldADF =76.1, 

GAF=66.6, NBF=68.7) and a high level of MSI (ADF=52.9%, coldADF =48.1%, GAF=65.7%, 

NBF=60.0%). In addition, visual inspection of the OncoPrint revealed an increased number of 

variants for CRC#2 NBF-fixed only, compared to the other CRC#2 samples.  

Similar to OCAv3 panel results, we observed scattered differences across the samples. To 

systematically evaluate similarities/discrepancies we planned specific analyses. First, we 

performed a cross-comparisons of somatic variants affecting the genomic regions covered by 

OCAv3 and TSO500, to assess the gain or the loss of variants in the main cancer related 

genes. Second, based on TSO500 data we also evaluated intra-patient differences through 

the calculator of the Jaccard coefficient for each single base alteration (both germline and 

somatic with a VAF>=0.1, both synonymous and nonsynonymous). Third, we assessed the 

variant type and predicted the mutational signature profiles. 

For the cross-comparison analysis, we excluded the CRC#9 due to the high number of 

variants and possible intrinsic heterogeneity of variants in MSI lesions.  
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We observed a substantial overlap with 17 unique variants shared by all the samples and 

confirmed by both panels, however five genes showed a different status across samples 

and/or across panels (Figure 4A). Of these discordant results, 4 involved samples purified 

from NBF-fixed tissues.  

CRC#3-NBF harbored a NOTCH1 SNV (p.M1886fs) by OCAv3 sequencing, not identified in 

the other CRC#3 samples and neither in the CRC#3-NBF sequenced with theTSO500. In the 

same sample the TP53 p.R213L mutation shared by all the other lesions was not detected 

(either by OCAv3 or TSO500). The PIK3CA pH1047L was present in all CRC#4 samples by 

both panels, except for the OCAv3 analysis of the NBF-fixed sample.  

In addition, an ATM variant (p.S933C) was detected only in 2/4 CRC#5 samples: both OCAv3 

and TSO500 analyses did not identify this variant in the NBF and ADF fixed specimens.  

Finally, CRC#1 coldADF-fixed showed a private and sub-clonal KRAS p.G12D, not detected 

in the other samples. 

 

TSO500 intra-panel comparison of synonymous and nonsynonymous variants allowed us to 

calculate the Jaccard index (JI) within the fixation types, a quantitative measurement of 

similarity across the fixatives. By considering both germline and somatic variants, all the 

fixation showed a high level of correlation (JI>0.90). Of note, ADF4 and coldADF4 showed the 

closest similarity, whereas GAF and NBF-fixed samples showed a smaller concordance 

(Figure 4B). This trend is even clearer considering only somatic variants: GAF samples 

showed the lowest JI compared with all the other samples (0.75 with coldADF and 0.69 for 

both ADF and NBF), with ADF retaining a strong correlation with coldADF (0.84), and NBF 

(0.78), in line with the JI = 0.8 between coldADF and NBF (Figure 4C). 

To qualitatively evaluate genetic features within the different fixations, we compared the 

variant type (e.g SNVs, deletions and insertions) and the variant classification (e.g. missense, 

synonymous, frameshift, stop gained variant and in frame deletions). A significantly increased 

number of SNVs is present in the NBF fixed lesions, associated also with an increased number 

of missense, synonymous, frameshift, stop gained variants (p<0.01 comparted to all the other 
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fixatives, Supplementary Figure 3A-B). No differences were identified across the other fixation 

protocols.  

 

Finally, we predicted the mutational signature profiles for each fixation type. The 96-matrix 

profile showed similar but non completely overlapping substitutions (Figure 5A). By quantifying 

the relative contribution of each signature, we identified similar weight for signature 6 and 15 

for each fixation type, related to the MSI phenotype. Signature 1, aging-related but also 

referred to FFPE artifacts showed a significant reduction from NBF (37%) to ADF (30%) and 

GAF (31%) fixation, reaching the 17% in the coldADF samples (Figure 5B). 

 

DISCUSSION 

Here we report a detailed analysis on the effect of different fixation protocols over DNA 

integrity/preservation of tissue samples, thus providing evidence of the impact these pre-

analytical features may have when performing CGP data analysis.  

Precision medicine in Oncology is currently demanding a huge effort in extracting the most 

valuable information from tissue samples 22,23. This is particularly important for advanced stage 

cancer patients. To fulfill this task, pathologists and molecular biologists use a combination of 

in situ techniques (immunohistochemistry and in situ hybridization) and molecular profiling by 

in vitro nucleic acid-based assays. The latter are currently best approached by targeted NGS, 

with commercially available panels that can be variable in terms of size (number of genetic 

alterations/genes that can be analyzed). Molecular diagnostics typically employs panels with 

a limited number of cancer-associated genes (up to 50), and a reference range that can be 

variable across panels. This strategy helps deconvolute the complexity of an NGS analysis on 

degraded DNA/RNA by focusing on a handful of targets that are specifically needed at present 

for treatment decision making. Nevertheless, the number and complexity of genetic alterations 

to be investigated is rapidly growing (even with an agnostic-fashion)24-27. In this scenario 

panels limited in size may not be fit for purpose, especially when screening for molecular 

alterations that could be of interest for ongoing clinical trials24,26. Therefore, in several 
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instances archival FFPE tissue samples undergo a CGP analysis, which is likely to expand its 

applicability in the next future. The challenge of a CGP approach is appreciated at two distinct 

levels: i) the success rate of the sequencing; ii) the complexity of data interpretation. Both 

features largely depend on the quality of nucleic acids. 

In this study, we provide evidence of a critical improvement in DNA preservation, as compared 

to the classical NBF fixation, when using alternative aldehyde fixatives, still acting by cross-

linking and providing a similar structural and antigenic preservation. We tested both ADF 

(Acid-deprived Formalin), obtained by the removal of the formic acid residues present in the 

commercial Formaldehyde reagent via ion-exchange resins, and GAF (Glyoxal, Acid Free), 

obtained from acidic Glyoxal by the same procedure of resin treatment. Both reagents already 

provided comparable results with standard FFPE samples when performing ancillary analyses 

such as IHC and to offer an improvement in DNA preservation9,10. Here we aimed to 

comprehensively evaluate the impact of different fixation protocols on the performance of data 

analysis from a CGP approach.  

We acted at different levels, from pre-analytical features to output sequencing results. DNA 

yield was equal across different extractions, even when normalizing the total DNA by the size 

of the lesions. The present study of DNA integrity confirmed and extended our previous report9 

and showed a lower degree of DNA fragmentation for cold-ADF and ADF samples, which were 

also the most represented samples in the class with lower fragmentation of the clustering 

analysis generated from the fragment size distribution data. Similar results were obtained 

when comparing GAF, an acid-deprived solution of Glyoxal, and a buffered solution of the acid 

commercial Glyoxal. These results suggest a clear increment in terms of DNA purity and 

structural integrity when fixing tissues with acid deprivation. Of note, the highest level of purity 

and integrity was obtained with ADF and coldADF, but tissues fixed in acid-deprived Glyoxal 

(GAF) were still superior to NBF as far as DNA purity and integrity is concerned. 

The data are overall highlighting the crucial role played by buffered acids when present in 

fixatives and support the hypothesis, that can be summarized as “hidden acid theory”, where 

within the micro-environment represented by the cell nucleus phosphate radicals of nuclei 
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acids can dislodge Sodium ions so that formic and other acidic residues are free to affect the 

DNA integrity9. 

We also tested the effect of a fixation at low temperature (4°C) over fixation at room 

temperature. Confirming a previous study by our group13, we observed that the temperature 

degree is among the multiple factors bound to impact on DNA integrity.  

 

We then moved to sequencing performance and data. To objectively assess potential 

differences across the distinct conditions here applied, we meticulously analyzed several 

parameters important for library preparation QCs, sequencing QCs and sequencing results.  

Overall, significantly longer reads were obtained in libraries from coldADF samples with both 

the OCAv3 panel and the TSO500 panel. ADF-, GAF- and NBF- samples followed with the 

shortest reads demonstrated in NBF samples.  

By analyzing the Oncomine Comprehensive v3 panel data, ADF and coldADF derived libraries 

showed the lowest level of noise and the highest levels of uniformity, followed by GAF and 

NBF fixed tissues. The TSO500 panel data confirmed the data uniformity. In addition, with this 

panel we observed the best performance in terms of total region sequenced for ADF and 

coldADF samples, whereas NBF samples showed a significantly smaller region sequenced. 

Along the same lines, NBF samples displayed a significantly lower number of evaluable MS 

loci compared to all the other fixatives. 

Despite a formally successful sequencing in all the samples, these QC and sequencing data 

analyses suggest an increment in terms of quality of library generation and sequencing outputs 

from NBF- to GAF- to ADF- and coldADF- fixed samples. 

One may wonder whether these features affect data reporting and interpretation.   

Most of the genetic alterations identified were shared by all the samples in each tumoral lesion. 

However, five genes showed a different status across samples and/or across panels. An 

important observation is that 4 of these discordant results involved samples purified from NBF-

fixed tissues, thus suggesting a possible artefactual origin. Although the tissues here analyzed 

were sampled in parallel from the same region of a given tumoral lesion and we may assume 
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that heterogeneity is highly unlikely, we cannot exclude this alternative explanation for such 

discordances. We favor arteficts over biological heterogeneity based on additional data 

derived from the TSO500 panel. A significantly increased number of SNVs was present in the 

NBF fixed lesions, whereas no differences were identified across the other fixation protocols. 

Finally, when mutational signatures were predicted Signature 1 (aging-related but also 

referred to FFPE artifacts28) showed the highest values in NBF samples (37%) and the lowest 

values in coldADF samples (17%). 

 

In conclusion, fixation is the preliminary, yet central, process in histological processing leading 

to the production of paraffin-embedded tissue blocks, the ultimate product constituting the 

backbone of pathology archives. Different modalities of tissue fixation lead to differential 

degrees of DNA integrity, which impacts on the output of comprehensive genomic profiling. 

Acid-deprived fixatives guarantee the highest DNA preservation overall, thus suggesting the 

possible implementation of even more complex molecular profiling on tissue samples.  
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Table 1: Reagents and fixation protocols 
 
Fixative Formula Time  Temp. Producer Ref. N. 

NBF Neutral Buffered Formalin 24 h RT Diapath 9,10,13 

ADF  Acid-Deprived Formalin 24 h RT ADDAX Biosciences 9 

GAF  Glyoxal Acid-Free 24 h RT ADDAX Biosciences 10, 14 

BG  Buffered Glyoxal 24 h RT Sigma - 

ColdADF  Acid-Deprived Formalin 24 h 4°C ADDAX Biosciences 13 

 
RT: Room Temperature; NBF: standard buffered formalin. The pH was checked and assessed 
as 7.2-7.4. ADF: Commercial 40% Formaldehyde (Sigma), deprived of acid, diluted 10% in 
0.1M Phosphate buffer, pH 7.2-7.4; GAF: Commercial 40% Glyoxal (Sigma), deprived of 
acids, diluted 5% in 0.1M Phosphate buffer, pH 7,2-7,4; BG: Commercial 40% Glyoxal 
(Sigma), neutralized with NaOH, diluted 5% in 0.1M Phosphate buffer, pH 7.2-7.4. 
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FIGURE LEGENDS 

 

Figure 1. Heatmap of fragmentation spectra from TapeStation data. Each raw represents 

a single sample, with DNA size bins in columns (in bp). The reported parameter is the relative 

contribution (%) of each bin within the samples. Samples are sorted by unsupervised 

clustering, annotated on the left-hand side for the fixation type and annotated on the right-

hand side for the DIN and the QC Score. AUC: area under the curve, DIN: DNA integrity 

number. 

 

Figure 2. Output data by the OCAV3 panel. A) Boxplot of the OCAV3 read insert size. Y-

axis reports the mean size for each sample, grouped by the fixation protocol. P-value is 

calculated with paired T-test. B) Boxplots of the percentage of on target sequence and 

the uniformity of coverage. The Y-axis reports the percentage of reads for the two 

parameters for each sample, grouped by the fixation protocol. P-value is calculated with paired 

T-test. C OncoPrint of variants detected by the OCAV3 panel. Gene names and relative 

frequency of mutations identified in the 9 CRCs are reported in the double y-axis. Top 

annotation show the number of variant/patient for each genes; whereas  annotations at the 

bottom report the fixation type and the sample ID.  

 

Figure 3. Output data by the TSO500 panel. A) Boxplot of the exonic sequenced regions. 

The Y-axis reports the mean Mb sequenced for each sample, grouped by the fixation protocol. 

P-value is calculated with paired T-test. B) Boxplots of the TSO500 target region 

sequenced at 100X and 250X. The Y-axis reported the percentage of target region covered 

at 100X and 200X for each sample, grouped by the fixation protocol. P-value is calculated with 

paired T-test. C) OncoPrint of the variants detected in the 50 most mutated genes. Gene 

names and relative frequency of mutations identified in the 9 CRCs are reported in the 
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double y-axis. Top annotations show the number of variant/patient for each genes; whereas 

annotation at the bottom reported the fixation type and the sample ID. 

 

Figure 4. Correlations across samples and gene panels. A) Representation of the 

sequencing discrepancy within samples and panels. Each raw represents a patient with 

a sequencing incongruity. We report the affected gene, the gene variant, the fixation type and 

the NGS panel. Red bullets identify the discrepancy, tick and cross symbols define the panel 

in which the alteration was wither identify or missing, respectively. B) Correlation plot of the 

JI germline variant comparison. Size and color of the bullets summarize the similarity within 

the fixation types. Red and larger dots are proper of fixatives with similar nucleotide changes, 

whereas grayish and smaller bullets represent fixatives with more variable changes. Scale bar 

of JI for germline comparison ranges from 0.9 and 1.0. C) Correlation plot of the JI somatic 

variant comparison. Size and color of the bullets summarize the similarity within the fixation 

types. Red and larger dots are proper of fixatives with similar nucleotide changes, whereas 

grayish and smaller bullets represent fixatives with more variable changes. Scale bar of JI for 

somatic comparison ranges from 0.6 and 1.0. 

 

Figure 5. Mutational signatures derived from the samples. A) Representation of 

mutational signatures by using the 96-matrix profile, based on substitutions identified 

for the 4 fixation types. The picture reports all the raw substitutions for all samples, grouped 

for the fixation types. B) Relative contribution of each predicted COSMIC V2 signatures 

for each group. We estimated the mutational signature contribution, comprising all the 

variants with a VAF>0.05. We reporte the description of the signatures, sorted up-to-down 

from signature #1 to signature #30.  
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SUPPLEMENTARY FIGURE LEGENDS 

Supplementary Figure 1. A) Boxplot of the DNA extraction yield. The Y-axis reports the 

log2(ng/mm2) for each sample, grouped by the fixation protocol, for both spectrophotometer and 

fluorometer. P-value is calculated with paired T-test. B) Boxplot of the DNA extraction 

absorbance ratios. The Y-axis reports the R280 and R230 absorbance values for each 

sample, grouped by the fixation protocol. P-value is calculated with paired T-test. C) Boxplot 

of the DNA quality controls. The Y-axis reports the DIN and QC Score values for each sample, 

grouped by the fixation protocol. P-value is calculated with paired T-test. D) Boxplot of the DIN 

comparison for GAF versus Buffered Gyloxal (BG). 

 

Supplementary Figure 2. A) Boxplot of OCAV3 library median size and library yield. B) 

Boxplot of OCAV3 MAPD. 

 

Supplementary Figure 2. A). Comparison of Variant Classification (VC) distribution among 

the fixation cohorts; B) Comparison of Variant Type (VT) distribution among the fixation 

cohorts. 
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