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Abstract: Personalized cancer care requires molecular characterization of neoplasms. While the
research community accepts frozen tissues as the gold standard analyte for molecular assays, the
source of tissue for testing in clinical cancer care comes almost universally from formalin-fixed,
paraffin-embedded tissue (FFPE). As newer technologies emerge for DNA characterization that
requires higher molecular weight DNA, it was necessary to compare the quality of DNA in terms
of DNA length between FFPE and cryopreserved samples. We hypothesized that cryopreserved
samples would yield higher quantity and superior quality DNA compared to FFPE samples. We
analyzed DNA metrics by performing a head-to-head comparison between FFPE and cryopreserved
samples from 38 human tumors representing various cancer types. DNA quantity and purity
were measured by UV spectrophotometry, and DNA from cryopreserved tissue demonstrated a
4.2-fold increase in DNA yield per mg of tissue (p-value < 0.001). DNA quality was measured on a
fragment microelectrophoresis analyzer, and again, DNA from cryopreserved tissue demonstrated
a 223% increase in the DNA quality number and a 9-fold increase in DNA fragments > 40,000 bp
(p-value < 0.0001). DNA from the cryopreserved tissues was superior to the DNA from FFPE samples
in terms of DNA yield and quality.
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1. Introduction

With increasing efforts to embrace personalized cancer care, DNA sequencing of
tumors and normal tissue is becoming more commonplace. Initiatives, such as the NCI-
MATCH and NCI-ComboMATCH trials, which are being spearheaded by the National
Cancer Institute, are based on the hypothesis that genomically guided decisions will result
in better patient outcomes [1,2]. While there is great promise in molecular characteriza-
tion of patients” tumors to guide clinical treatment decisions, the input of the quality of
the biospecimen is known to impact the quality of the data output. Formalin fixation
was introduced as a clinical preservative in the 1890s and has supported the needs of
anatomical pathologists in providing a durable and easily stored biospecimen that can be
sectioned, stained, and imaged under a microscope [3]. With the advent of molecular tools
for characterizing tumor tissue more thoroughly, molecular pathologists are dependent on
a higher quality biospecimen that yields more molecular analytes per milligram of tissue
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to facilitate multiple molecular assays [4]. Despite evidence that formalin fixation and
paraffin embedding (FFPE) damage DNA by fragmenting nucleic acid strands and even
introducing mutational artifacts, FFPE tissue is the most prevalent and common practice of
processing clinical biospecimens [5,6]. The increased DNA damage in FFPE tissues leads to
higher artifacts in sequencing, necessitating a higher tolerance for differentiating between
true mutational signals and noise [7]. DNA repair kits and post-sequencing bioinformatics
are employed to mitigate these problems. However, they also have their limitations and po-
tential of introducing or overcorrecting identified mutations. Furthermore, next-generation
sequencing has a myopic view of the DNA by sequencing < 300 base pair fragments
of DNA, thus decreasing the accuracy of identifying structural variants throughout the
genome. Long-read sequencing combined with next-generation short-read sequencing can
comprehensively identify the entirety of the tumor mutational landscape [8-10]. To accom-
plish this dual sequencing approach, high molecular weight DNA needs to be extracted
from the tumor tissue.

This study is a head-to-head comparison between FFPE and cryopreserved-matched
tumor samples to determine the impact of formalin fixation and paraffin embedding on
key metrics of DNA quantity and quality. The study specifically focuses on the ability
to obtain high molecular weight DNA from tumor tissues that can be used by DNA
characterization technologies that can accurately identify the structural variants of DNA.
The three metrics used to compare DNA between FFPE tissues and cryopreserved tissues
are as follows: (1) DNA purity, as determined by the 260/280 ratio, (2) DNA yield, as
determined by a UV spectrophotometer, and (3) DNA quality, as determined by DNA
fragment microelectrophoresis to assess quantities of DNA at various base pair lengths. We
hypothesized that DNA extracted from cryopreserved tissue would be statistically higher
in quantity and better in quality when compared to matched samples processed for FFPE.

2. Materials and Methods
2.1. Sample Procurement

Samples were purchased from Specicare, a commercial biobanking company. Specicare
collected tumor tissue from consented patients presenting for surgical removal of tumor
tissue during standard of care for malignancy. The samples were split into either formalin-
fixed tumor tissue or fresh tumor tissue stored in Hypothermosol solution and transported
at 4 °C. Samples were evaluated by a certified board pathologist, and the samples with
severe necrosis were considered unacceptable for use in the study. One sample fell into this
category and was not included in the dataset. All patient samples were deidentified with
unique identification numbers provided by Specicare. Thirty-eight deidentified human
patient samples were processed in parallel to be formalin-fixed, embedded in wax or
cryopreserved, and stored in liquid nitrogen. Samples were collected between 2018 and
2021. Cryopreserved tissues were stored in LNj, and FFPE blocks were stored at room
temperature until shipment to Brigham Young University for further analysis.

2.2. DNA Extraction

FFPE samples were prepared by cutting multiple 20 um scrolls of the tissue and
dewaxing the tissue in a xylene substitute (VWR, Radnor, PA, USA, 89370-090) followed by
ethanol rehydration steps going from 100% ethanol to 100% DI water. The DNA extractions
were performed with various starting amounts of tumor tissue ranging from 5 mg to 50 mg.
Tissues were weighed after deparaffinization of FFPE scrolls or thawing cryopreserved
tissue using the Denver Instrument TP-114. DNA was extracted using an Extracta DNA
buffer (Quantabio, Beverly, MA, USA, 95091) combined with proteinase K (Zymo, Dustin,
CA, USA, D3001-2) at a final concentration of 1 mg/mL. Tissues were incubated in a
cell lysis solution at 55 °C for 3 h in an Incu-shaker Mini (H1001-M). DNA was purified
using the Zymo Research DNA Clean and Concentrator-5 Kit (11-302C). The samples
were purified to Zymo's specifications, except 10 uL. of DNA Elution Buffer was used in
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place of the procedural 6 pL. Each centrifugation step was performed using the Eppendorf
Centrifuge 5425R set at 21 °C and 14,000 RPM for 60 s.

2.3. DNA Concentration and Purity Measurements

Following the extractions, the DNA concentration and purity were measured using a
Thermo Scientific Nanodrop One (Waltham, MA, USA, ND-ONEC-W). DNA concentration
and purity were calculated using UV absorbance and a ratio between 260 nm and 280 nm.

2.4. DNA Fragment Analysis

The DNA fragment analysis was performed on the extracted DNA using the Agilent
5300 Fragment Analyzer System (M5311AA) when analyzing samples of 6000 base pairs
and below. For samples with 6000 base pairs or more, the Agilent Femto Pulse System
(M5330AA) was used. Samples at 5 ng/uL in 2 uL were prepared using the 55 kb BAC
Analysis Kit (Agilent, Santa Clara, CA, USA, FP-1003-0275), and we followed the manufac-
turer’s recommendations. The gels were fully conditioned, and a prerun of —8.0 kV for
300 s was performed. Samples were injected using —3.0 kV for 15 s and then separated for
90 min. The effect length was 22 cm, and the analyses were performed using the NGS mode
on the FEMTO Pulse software version 2.0.0.3. Gels were analyzed for fluorescent intensity
and matched to a DNA standard to compare size. Relative fluorescent unit (RFU) is the
output to measure the intensity of the band patterns compared to the standard control. The
area under the curve was calculated by measuring the RFUs above the baseline after the
62-min mark, which equates to DNA fragment > 40,000 bp.

2.5. Statistics

The data were analyzed using two main statistical tests. For the matched-pair tissue
samples, a two-tailed student’s ¢-test with equal variance was performed. For the com-
parison of three or more groups, an Analysis of Variance (ANOVA) test was performed.
The data were generated using Microsoft Excel (version 16.84). Statistical significance was
deemed as a p-value of <0.05.

3. Results
3.1. Matched Tumor Sample Deidentified Patient Demographics

Thirty-eight matched tumor samples were obtained from Specicare over a three-year
period. Samples were selected randomly to represent a pan-cancer panel of biospecimens to
support our approach to analyzing DNA quantity and quality. Samples were deidentified,
but demographic information was provided to the researchers along with ischemia times
and fixation times in 10% formalin. The sample cohort overrepresented tumors taken from
female patients at 74% (Figure 1A); however, the age range (37-86 years of age), median age
(65), and distribution more accurately represented pan-cancer demographics (Figure 1B).
The cancer types represented by the 38 matched samples are provided in Figure 1C with
about half of the cancers falling under the category of gynecological cancers. This explains
the overrepresentation of female tumor samples. Ischemia times were controlled across
most samples with 30/38 (79%) being less than 60 min before the sample was placed in 10%
formalin or a vial of Hypothermosol. The median time was 28.0 min; however, because of
some significant outliers (not included in the graph), the mean time was 77.7 min, with a
range of 0-828 min (Figure 1D). For fixation times, there were fewer outliers as the protocol
was kept more consistent and within the biospecimen management guidelines published by
the College of American Pathologists that recommends a minimum of 6 h and a maximum
of 72 h fixation time in 10% formalin [11]. The mean fixation time was 15.7 h with one
outlier (142 h) not included in the graph (Figure 1E).
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Figure 1. Demographic information about patients (1 = 38) and the types of tumors included in the
study. (A) Proportion of female and male patients; (B) age range of patients; (C) tumor types as
indicated by TCGA study abbreviations. ACC, adrenocortical carcinoma; BLCA, bladder urothelial
carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endo-
cervical adenocarcinoma; COAD, colon adenocarcinoma; KIRC, kidney renal cell carcinoma; LIHC,
liver hepatocarcinoma; OV, ovarian serous cystadenocarcinoma; PAAD; pancreatic adenocarcinoma;
PRAD, prostate adenocarcinoma; SARC, sarcoma; UCS, uterine carcinosarcoma; UCEC, uterine
corpus endometrial carcinoma. (D,E) Box and whisker plots of ischemia time (minutes) and formalin
fixation time (hours), respectively. Outliers were removed, and individual data points (circles) and

mean (x) are provided.

3.2. Sample Preparation and Purity

Matched samples were prepared for DNA extraction using parallel protocols. FFPE
samples were sectioned, dewaxed, and rehydrated in preparation to lyse the cells and
extract the DNA. Cryopreserved samples were processed with a more straightforward
protocol that involved cell lysis and DNA extraction. Once the samples were lysed and DNA
was released from the nuclei, the DNA purification process was identical and employed a
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DNA binding column to capture DNA and purify DNA through centrifugal wash steps.
The fact that the same purification system was used for both tissue types resulted in similar
measurements of purity as determined by UV spectrophotometry and calculating the
260 nm to 280 nm ratio for spectral absorbance. A 260/280 absorbance ratio of around
1.8 indicates pure DNA. A ratio outside the range of 1.7-2.0 indicates contaminants [12].

In the analyzed DNA samples, the 260/280 ratios of the cryopreserved and the FFPE
DNA samples were similar. The mean of the cryopreserved samples (n = 74), which
included replicates of tumor tissue at various starting masses, was 1.76 £ 0.26 SDM, and
the mean of the FFPE samples (n = 43) was 1.78 £ 0.32 SDM (Figure 2). Both sample
types exhibited acceptable 260/280 absorbance ratios, indicating that pure DNA was being
evaluated for further downstream analyses. While the means were almost 1.8 there were
samples that fell outside the range of what is acceptable. The higher values in the FFPE
samples could indicate the presence of protein or RNA that were still crosslinked to the
DNA. There were 7 samples that ranged from 2.15 to 2.76 ratios, while the cryopreserved
samples exhibited no samples that were >2.1.
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Figure 2. DNA purity comparison between cryopreserved (green) and FFPE (black) tissues. (A) Box
and whisker plots of the 260/280 ratios of UV absorbance with cryopreserved represented by the
green plot and FFPE represented by the black plot; x represents the mean. (B) Regression analysis
between DNA purity and ischemia time in minutes. (C) Regression analysis between DNA purity
and fixation time in hours.

A correlation between DNA purity and ischemia times and fixation times was per-
formed by linear regression analysis. Both cryopreserved and FFPE tissue were analyzed
for purity and correlated to the corresponding ischemia time, whereas only the FFPE sam-
ples could be correlated to the fixation time and its impact on DNA purity. The low R?
values and horizontal slope in the regression analysis indicate that the ischemia and fixation
times of the tissues had no significant impact on the purity of the DNA (Figure 2B,C).

3.3. DNA Extraction and Yield

After measuring similar values in DNA purity between the cryopreserved tissue and
the FFPE tissue, we next evaluated the yield of DNA between the two biospecimen types.
Previous studies have addressed the difference between FFPE tissue and flash-frozen (FF)
tissue and demonstrated that FF tissue produced 4-10 times the amount of DNA when com-
pared to FFPE [13,14]. The focus of this paper was the comparison between cryopreserved



Curr. Oncol. 2024, 31

2446

tissue and FFPE, which has less data to support conclusions about a comparison. The DNA
from cryopreserved tissue demonstrated an average DNA yield of 222.1 & 35.2 ng/mg
compared to 52.8 £ 18.5 ng/mg displayed in FFPE tissue (p-value < 0.001) (Figure 3A).
Additionally, the cryopreserved DNA demonstrated an increase in the concentration of
DNA that was dependent on the starting amount of tumor tissue compared to FFPE
concentrations (Figure 3B). Cryopreserved DNA yielded 238.1 & 49.5 ng/uL of DNA com-
pared to the significantly lower concentrations of FFPE DNA at 6.2 & 0.6 ng/pL of tissue
(p-value < 0.0001).
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Figure 3. Comparison of DNA yield between cryopreserved samples (green) and FFPE samples
(black). (A) Combined dot plot demonstrating the yield of DNA (ng) per milligram of tissue; (B) box
and whisker plots showing the comparison of DNA yield (ng/uL) between different starting amounts
of tumor mass and comparing the cryopreserved samples to the FFPE samples; X represents the
mean; (C) regression analysis between DNA yield and ischemia time in minutes; (D) regression
analysis between DNA yield and fixation time in hours. *** signifies p-value < 0.0001.

Using a regression analysis to determine the relationship between DNA yield and
ischemia and fixation times, we plotted the values and observed no relationship between
the ischemia time or the fixation time and the yield of DNA extracted from the tissue
regardless of whether it was cryopreserved tissue or FFPE tissue (Figure 3C,D).
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3.4. Assessment of DNA Quality between Cryopreserved and FFPE

While DNA quantity is an important metric to consider when comparing and choosing
between types of biospecimen, ultimately the quality of the DNA input determines the
success of downstream molecular characterizations. We determined high-quality DNA by
assessing the length of DNA fragments. Differences in the quality of DNA extracted from
FFPE and cryopreserved samples began with a comparison of the DNA Quality Number
(DQN) for each group. The DON is a score from 0 to 10 given to a DNA sample that
indicates the percentage of DNA fragments that exceed a base pair threshold. A score of
10 corresponds with 100% of fragments meeting or exceeding the threshold, while a score of
0 means that no fragments reached the threshold. The threshold can be arbitrarily chosen,
and we set the threshold at 300 base pairs. This is a low threshold for fragment size, but this
is the standard size that is needed for next-generation short-read sequencing. The graphs
display a stark contrast in DQN scores for the samples that were measured; cryopreserved
samples yielded a mean DON of 9.8 while FFPE had a mean of 4.4 (Figure 4A) with one
FFPE sample that returned an “NA” value. The difference in means was statistically
significant with a p-value < 0.0005. By this measurement, the samples preserved in FFPE
provided DNA fragments that were much lower quality than cryopreserved samples.
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Figure 4. Assessment of DNA quality by fragment analysis comparing cryopreserved samples
(green) and FFPE samples (back). (A) DNA quality number scores comparisons presented by box
and whisker plots; X represents the mean; (B) fold change (FC) comparison of the area under the
curve (AUC) for fragments > 40,000 base pairs; (C) electropherogram of representative samples of
DNA from cryopreserved tissue and DNA from FEPE tissue. The relative fluorescent unit (RFU)
indicates the quantity of DNA, and the time on the X-axis indicates the size of the DNA fragment.
*** p-value < 0.0005.

A secondary perspective of the quality of the DNA extracted came from the analysis
of the electropherograms. Electropherograms graphically show the prevalence of DNA
fragments of varying lengths after microelectrophoresis separation. The band patterns of
DNA are imaged, and the intensity of the bands is used to generate the area under the
curve corresponding to the number of fragments with that length present in a sample
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(Supplemental Figure S1). These graphs were used to compare the number of DNA
fragments for each sample that were above 40,000 base pairs, which occurred around
the 62:00 time mark. AUC values were normalized based on the concentration (pg/uL)
of each sample to ensure equal comparisons. Those values were then normalized again
to set the FFPE mean as a base of 1 to compare the cryopreserved values more easily to
the FFPE values. After normalization, the cryopreserved tissues yielded a mean AUC
above 40,000 bp that was 8.9 times larger than the AUC above 40,000 bp in FFPE tissues
(Figure 4B). This means that cryopreserved samples provided almost nine times more
fragments above 40,000 bp than FFPE. Further analysis yielded a p-value < 0.00005 for a
significant difference between the AUC for cryopreserved and FFPE.

The quality difference in DNA fragments extracted from cryopreserved samples versus
FFPE samples can be seen in the representative electropherogram in Figure 4C; additional
electropherograms with their corresponding DQON can be viewed in the supplemental
figures (Supplemental Figure S2). The graph indicates the time at which DNA fragments
elute when run through gel electrophoresis, with larger fragments of DNA taking longer
to elute than shorter fragments. FFPE (black) has one clear peak towards the beginning
of the graph around 22 min, showing a high concentration of small fragments of DNA
(approximately 100—400 bp). The distribution of cryopreserved (green) is bimodal, with
a large peak around 35 min and another at 60 min (>50,000 bp). Cryopreserved tissues
produced higher molecular weight DNA, with many taking up to 60 min to elute, while
the majority of fragments from FFPE eluted by the 25th minute (Figure 4C).

4. Discussion

In this study, we extracted DNA from FFPE and cryopreserved patient samples and
analyzed them using three criteria: purity, yield, and quality. The purpose of this study
was to compare DNA from FFPE and cryopreserved tissue samples. FFPE samples are
considered the gold standard in the preservation of human tumor tissues, primarily due
to their ease of storage and applications in diagnostics for pathologists [15,16]. Recently
with the focus on genetic testing, there has been an emphasis on using fresh, frozen, or
cryopreserved tissue over FFPE tissue due to the process of formalin fixation and embed-
ding leading to chemical crosslinking, fragmentation, and degradation of DNA molecules.
Additionally, the formalin fixation process can result in the deamination of cytosine to form
thymine and guanine to form adenine [16,17]. These artifactual changes in DNA base pairs
could misguide diagnoses and treatment decisions in the age of precision medicine.

Our study strongly supports the use of cryopreserved tissue to perform molecular
characterization on DNA over FFPE tissue. This is poignantly evident in the fragment
analysis that demonstrated a stark contrast between DNA extracted from cryopreserved
tissue and DNA extracted from matched FFPE tissue. This is becoming increasingly
important in newer technologies that depend on high molecular weight DNA for analysis,
such as long-read sequencing and optical genome mapping [8,18]. Protocols for these
applications can generate even longer DNA fragments ranging from 30 kb to 2000 kb [19-21].
High molecular weight DNA allows for more precise detection of large structural variants
that are often associated with tumors that are genomically unstable [9,22]. These structural
variants, such as chromosomal translocations, can be used for diagnostics and identification
of molecular targets for precision therapies but are a missed opportunity because of the
reliance of genomic information on FFPE tissue. Additionally, the identification of structural
variants as potential neoantigens in tumors remains largely untapped due to the current
DNA extraction protocols that result in DNA fragmentation and sequencing that focuses
on short DNA fragments (<300 bp). However, sophisticated algorithms can be employed
using short-read sequencing data to capture structural variants [23], but this is based on
general assumptions seen in a small sample size and a few cancer types. Furthermore,
scientists still argue that the overall concordance across whole exomes or genomes is high
enough between frozen tissue and FFPE, thus dismissing the need to use frozen tissue
over FFPE [24]. While that may be true across thousands of loci in an entire genome,
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specific oncogenes and tumor suppressor genes have demonstrated discordance rates as
high as 27% [25-27]. Unfortunately, this study has yet to generate the sequencing needed
to show concordance between cryopreserved samples and FFPE samples in support of the
downstream sequencing benefits of cryopreserved tissue. Another way to overcome the
fragmentation or artefactual mutations in FFPE tissue is to perform sequencing at a depth
of >1000 reads per base. This is the method for FDA-approved cancer gene panels when
sequencing DNA from FFPE tissue.

In the current study, we used a Femto Pulse to analyze the fragment size of the DNA,
which limited our ability to detect even higher molecular weight DNA. For most of the
DNA extracted from cryopreserved samples, we observed a bimodal peak distribution
around 10,000 bp and 50,000 bp. This can be attributed to the length of the capillary tube,
and if it were longer, we posit that the DNA fragment distribution would show an extended
tail to the right, indicating those fragments that likely exceed >100 kb. Instead, all the high
molecular weight DNA exited at the end of the capillary tube at the same time, which is
the explanation for the second peak at the end of the run (Figure 4C).

While we were not surprised to find a difference between the DQN scores between
the cryopreserved tissue and the FFPE tissue, it was astonishing to observe how low the
DQN scores were for the FFPE tissue. While the cryopreserved tissue demonstrated a
98% success rate of meeting the low threshold of 300 bp, only 44% of the FFPE samples
successfully achieved that mark. Over half of the DNA extracted from FFPE tissues is
so fragmented that it is not suitable for short-read next-generation sequencing. This is
problematic for a tissue type that we demonstrated already yields less DNA per milligram
of tissue to begin with. Our results are comparable to others who have measured DNA
quality in FFPE tissues. In a large breast cancer study where 1859 FFPE samples were
analyzed, DNA Integrity Number (DIN) was found to have a median of 3.8 [28]. In another
smaller study comparing FF and FFPE samples, kidney cancer and normal tissue were
prepared and DNA was extracted in preparation for bisulfite sequencing; however, the
FFPE tissue exhibited a DIN of 1.6 for both cancer and normal kidney tissue, whereas the
FF tissue exhibited DIN scores of 9.8 and 9.6, respectively [29]. DIN and DQN are slightly
different ways of assessing DNA quality, but both correlate with DNA size and are used
for quality control measurements for DNA.

The patients that benefit most from molecular analysis of their tumors are the ones
with recurrent or metastatic disease. Oftentimes, patients who present with recurrent
or metastatic disease do not undergo resection of the tumor and are relegated to needle
biopsies to procure tissue material, which will net 5-20 mg of tissue [30]. As we observed
in our study, 5 mg of tissue taken from FFPE on average will yield 250 ng total of DNA, and
based on the DQN scores, less than half is of sufficient length to perform next-generation
sequencing without amplification. Conversely, 5 mg of tissue taken from cryopreserved
tissue will yield, on average, 1250 ng total DNA with DQN scores that suggest that 98% is
usable for next-generation sequencing and fragments are large enough for downstream
applications to accurately characterize structural variants and genomic instability.

DNA extracted from a core needle biopsy that has been cryopreserved has the potential
to generate sufficient quality and quantity of DNA not only for next-generation sequencing
but to allow for multiomic analyses on a given tumor. While we have focused exclusively
on DNA quality and yield, the process of formalin fixation and paraffin embedding has
the same detrimental consequences on other bioanalytes, including RNA, protein, and
DNA methylation [27,31-34]. One variable that was not tightly controlled in our study
was the ischemia time and fixation time. There was some variability, as demonstrated in
the graph in Figure 1D for the ischemia time, but that would equally impact the FFPE
and cryopreserved samples. Regarding the fixation times found in Figure 1E, it could be
argued that inconsistent processing could lead to an impact on the DNA integrity. This
argument underlines the significance of either establishing fixed guidelines or switching
to an alternative sample storage format that has less dependency on processing protocols
and fixation times. Despite the variability in the pre-extraction processing, most samples



Curr. Oncol. 2024, 31

2450

conformed with CAP guidelines established for processing and fixing breast tissue that
recommend less than 60 min of ischemia time and 6 to 24 h of fixation time [11]. Further
correlation analysis demonstrated that the processing steps that included ischemia time
and fixation time for FFPE samples did not impact DNA purity and yield.

While most previous articles have focused on the comparison between fresh frozen
(FF) and FFPE tissue [15,17,26,34,35], we have deviated slightly to focus on the comparison
between cryopreserved tissue and FFPE tissue. The field largely accepts that the quality of
DNA between FF and cryopreserved tissue is the same, and one study has demonstrated
the equivalence of DNA between FF and cryopreserved tissue. However, the area where
cryopreserved tissue excels is in downstream live tissue testing where viable cells are
required [36]. Advances in precision medicine rely on patient-derived tissue to perform ex
vivo drug testing, xenograft modeling, and 3D organoid modeling, and the most viable
source of tissue is either fresh from the patient or through a slow freezing, cryopreservation
method [37], as was used in this study.

Therefore, to maximize the amount of information and the quality of information
obtained from tumor biospecimens, it is imperative that methods for biospecimen procure-
ment and storage be improved in clinical practice. Our data support and corroborate the
literature in that fresh, cryopreserved, and flash-frozen are superior methods of biospeci-
men storage when compared to FFPE in the age of molecular diagnostics.

5. Conclusions

Cryopreserved cancer tissue provides superior quality assurance measurements of
DNA over FFPE. Treatment decisions based on molecular results demand accuracy and va-
lidity. The medical community should support efforts to cryopreserve cancer biospecimens
in the clinical setting to provide valid molecular testing results. The automatic processing
of tumor specimens in formalin is no longer an acceptable default.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/curroncol31050183/s1, Figure S1: DNA gel images comparing
cryopreserved samples and FFPE samples. Figure S2: Electropherograms of extracted DNA from
cryopreserved and FFPE samples.

Author Contributions: Conceptualization, K.D. and J.].B.; methodology, J.O., K.E. and ].].B.; validation,
J.O.; formal analysis, N.O., ].O., M.B., PW,, LP, D.A,, ].D. and ].].B.; investigation, N.O., ].O., M.B., PW.,
ILP,D.A,].D., BK, KF and J.].B.; resources, K.D. and ].].B.; data curation, J.].B.; writing—original
draft preparation, N.O., ].O.,, M.B,, PW,, L.P, D.A,, ].D., BK. and J.].B.; writing—review and editing,
N.O,J.O.,M.B,PW,IP,D.A,,]D., BK, KF,K.D.and ].J.B.; visualization, N.O., ].O., M.B., PW., LD,
D.A,].D., BXK.and]]J.B,; supervision, ].O. and ].J.B.; project administration, ].J.B.; funding acquisition,
J.J.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from INBRE PROGRAM NIH grant number P20
GM103408 (National Institute of General Medical Sciences), and the APC was funded by the College
of Life Sciences at Brigham Young University.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and under the direction of Advarra guiding Specicare in their tissue collection and
patient consent forms. The research was conducted at Brigham Young University with deidentified
tumor tissue.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: No datasets were generated because of this study. Summaries for all data
are provided in the manuscript. Raw data can be obtained by contacting the corresponding author.

Acknowledgments: The authors would like to thank the Simmons Center for Cancer Research for the
support and infrastructure to perform the experiments as well as Edward Wilcox and Emily Anderson
for their assistance in using the fragment analyzers in the BYU DNA Sequencing Center. Also, the
authors are deeply appreciative of David Booker for his review of the manuscript and guidance.


https://www.mdpi.com/article/10.3390/curroncol31050183/s1
https://www.mdpi.com/article/10.3390/curroncol31050183/s1

Curr. Oncol. 2024, 31 2451

Conflicts of Interest: Ken Dixon and David Booker are employees of Specicare, a commercial
tumor biobanking company. Jared Barrott is a paid scientific advisor and on the Board of Directors.
Specicare provided the matched samples to be tested, and the work was performed at Brigham
Young University under the direction of Jared Barrott. Dixon and Booker did not play a role in the
experimental analysis of the data or provide direction on how to write the manuscript. They did
provide editorial comments to improve the manuscript’s accuracy and readability.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Murciano-Goroff, Y.R.; Drilon, A.; Stadler, Z.K. The NCI-MATCH: A National, Collaborative Precision Oncology Trial for Diverse
Tumor Histologies. Cancer Cell 2021, 39, 22-24. [CrossRef] [PubMed]

Meric-Bernstam, F; Ford, ] M.; O'Dwyer, PJ.; Shapiro, G.I; McShane, L.M.; Freidlin, B.; O’Cearbhaill, R.E.; George, S.; Glade-
Bender, J.; Lyman, G.H.; et al. National Cancer Institute Combination Therapy Platform Trial with Molecular Analysis for Therapy
Choice (ComboMATCH). Clin. Cancer Res. 2023, 29, 1412-1422. [CrossRef]

Musial, A.; Gryglewski, R.W.; Kielczewski, S.; Loukas, M.; Wajda, J. Formalin use in anatomical and histological science in the
19th and 20th centuries. Folia Med. Cracov. 2016, 56, 31-40. [PubMed]

Akhoundova, D.; Rubin, M. A. Clinical application of advanced multi-omics tumor profiling: Shaping precision oncology of the
future. Cancer Cell 2022, 40, 920-938. [CrossRef]

Do, H.; Dobrovic, A. Sequence artifacts in DNA from formalin-fixed tissues: Causes and strategies for minimization. Clin. Chem.
2015, 61, 64-71. [CrossRef]

Cazzato, G.; Caporusso, C.; Arezzo, F.; Cimmino, A.; Colagrande, A.; Loizzi, V.; Cormio, G.; Lettini, T.; Maiorano, E.; Scarcella,
V.S.; et al. Formalin-Fixed and Paraffin-Embedded Samples for Next Generation Sequencing: Problems and Solutions. Genes 2021,
12,1472. [CrossRef] [PubMed]

Gallegos Ruiz, M.L; Floor, K.; Rijmen, E; Griinberg, K.; Rodriguez, J.A.; Giaccone, G. EGFR and K-ras Mutation Analysis in
Non-Small Cell Lung Cancer: Comparison of Paraffin Embedded versus Frozen Specimens. Cell. Oncol. 2007, 29, 568205.
[CrossRef]

Haga, Y.; Sakamoto, Y.; Arai, M.; Suzuki, Y.; Suzuki, A. Long-Read Whole-Genome Sequencing Using a Nanopore Sequencer and
Detection of Structural Variants in Cancer Genomes. Methods Mol. Biol. 2023, 2632, 177-189. [CrossRef]

Fang, L.T.; Zhu, B.; Zhao, Y.; Chen, W.; Yang, Z.; Kerrigan, L.; Langenbach, K.; de Mars, M.; Lu, C.; Idler, K,; et al. Establishing
community reference samples, data and call sets for benchmarking cancer mutation detection using whole-genome sequencing.
Nat. Biotechnol. 2021, 39, 1151-1160. [CrossRef]

Fujimoto, A.; Wong, ].H.; Yoshii, Y.; Akiyama, S.; Tanaka, A.; Yagi, H.; Shigemizu, D.; Nakagawa, H.; Mizokami, M.; Shimada,
M. Whole-genome sequencing with long reads reveals complex structure and origin of structural variation in human genetic
variations and somatic mutations in cancer. Genome Med. 2021, 13, 65. [CrossRef]

Wolff, A.C.; Hammond, M.E.; Hicks, D.G.; Dowsett, M.; McShane, L.M.; Allison, K.H.; Allred, D.C.; Bartlett, ].M.; Bilous, M.;
Fitzgibbons, P; et al. Recommendations for human epidermal growth factor receptor 2 testing in breast cancer: American Society
of Clinical Oncology/College of American Pathologists clinical practice guideline update. Arch. Pathol. Lab. Med. 2014, 138,
241-256. [CrossRef] [PubMed]

Lucena-Aguilar, G.; Sdnchez-Lopez, A.M.; Barberan-Aceituno, C.; Carrillo-Avila, J.A ; Lopez-Guerrero, J.A.; Aguilar-Quesada, R.
DNA Source Selection for Downstream Applications Based on DNA Quality Indicators Analysis. Biopreserv. Biobank. 2016, 14,
264-270. [CrossRef] [PubMed]

Cho, M.; Ahn, S.; Hong, M.; Bang, H.; Van Vrancken, M.; Kim, S.; Lee, J.; Hoon Park, S.; Oh Park, J.; Suk Park, Y.; et al. Tissue
recommendations for precision cancer therapy using next generation sequencing: A comprehensive single cancer center’s
experiences. Oncotarget 2017, 8, 42478-42486. [CrossRef] [PubMed]

Bhagwate, A.V,; Liu, Y.; Winham, S.J.; McDonough, S.J.; Stallings-Mann, M.L.; Heinzen, E.P; Davila, ].I.; Vierkant, R.A.; Hoskin,
T.L.; Frost, M,; et al. Bioinformatics and DN A-extraction strategies to reliably detect genetic variants from FFPE breast tissue
samples. BMIC Genom. 2019, 20, 689. [CrossRef] [PubMed]

Lider Ripoli, F.; Mohr, A.; Conradine Hammer, S.; Willenbrock, S.; Hewicker-Trautwein, M.; Hennecke, S.; Murua Escobar, H.;
Nolte, I. A Comparison of Fresh Frozen vs. Formalin-Fixed, Paraffin-Embedded Specimens of Canine Mammary Tumors via
Branched-DNA Assay. Int. ]. Mol. Sci. 2016, 17, 724. [CrossRef] [PubMed]

Mathieson, W.; Thomas, G.A. Why Formalin-fixed, Paraffin-embedded Biospecimens Must Be Used in Genomic Medicine: An
Evidence-based Review and Conclusion. J. Histochem. Cytochem. 2020, 68, 543-552. [CrossRef]

Gao, X.H.; Li, J.; Gong, H.F; Yu, G.Y;; Liu, P.; Hao, L.Q.; Liu, L.].; Bai, C.G.; Zhang, W. Comparison of Fresh Frozen Tissue With
Formalin-Fixed Paraffin-Embedded Tissue for Mutation Analysis Using a Multi-Gene Panel in Patients With Colorectal Cancer.
Front. Oncol. 2020, 10, 310. [CrossRef]

Sakamoto, Y.; Sereewattanawoot, S.; Suzuki, A. A new era of long-read sequencing for cancer genomics. J. Hum. Genet. 2020, 65,
3-10. [CrossRef] [PubMed]

Starikova, H.; Hastie, A.R.; Chan, S.; Vrana, J.; Tulpova, Z.; Kubaldkovd, M.; Visendi, P.; Hayashi, S.; Luo, M.; Batley, J.; et al.
BioNano genome mapping of individual chromosomes supports physical mapping and sequence assembly in complex plant
genomes. Plant Biotechnol. |. 2016, 14, 1523-1531. [CrossRef]


https://doi.org/10.1016/j.ccell.2020.12.021
https://www.ncbi.nlm.nih.gov/pubmed/33434511
https://doi.org/10.1158/1078-0432.Ccr-22-3334
https://www.ncbi.nlm.nih.gov/pubmed/28275269
https://doi.org/10.1016/j.ccell.2022.08.011
https://doi.org/10.1373/clinchem.2014.223040
https://doi.org/10.3390/genes12101472
https://www.ncbi.nlm.nih.gov/pubmed/34680867
https://doi.org/10.1155/2007/568205
https://doi.org/10.1007/978-1-0716-2996-3_13
https://doi.org/10.1038/s41587-021-00993-6
https://doi.org/10.1186/s13073-021-00883-1
https://doi.org/10.5858/arpa.2013-0953-SA
https://www.ncbi.nlm.nih.gov/pubmed/24099077
https://doi.org/10.1089/bio.2015.0064
https://www.ncbi.nlm.nih.gov/pubmed/27158753
https://doi.org/10.18632/oncotarget.17199
https://www.ncbi.nlm.nih.gov/pubmed/28477007
https://doi.org/10.1186/s12864-019-6056-8
https://www.ncbi.nlm.nih.gov/pubmed/31477010
https://doi.org/10.3390/ijms17050724
https://www.ncbi.nlm.nih.gov/pubmed/27187374
https://doi.org/10.1369/0022155420945050
https://doi.org/10.3389/fonc.2020.00310
https://doi.org/10.1038/s10038-019-0658-5
https://www.ncbi.nlm.nih.gov/pubmed/31474751
https://doi.org/10.1111/pbi.12513

Curr. Oncol. 2024, 31 2452

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pang, A.W.C.; Kosco, K.; Sahajpal, N.S,; Sridhar, A.; Hauenstein, J.; Clifford, B.; Estabrook, J.; Chitsazan, A.D.; Sahoo, T.; Igbal, A ;
et al. Analytic Validation of Optical Genome Mapping in Hematological Malignancies. Biomedicines 2023, 11, 3263. [CrossRef]
Soler, G.; Ouedraogo, Z.G.; Goumy, C.; Lebecque, B.; Aspas Requena, G.; Ravinet, A.; Kanold, J.; Véronese, L.; Tchirkov, A. Optical
Genome Mapping in Routine Cytogenetic Diagnosis of Acute Leukemia. Cancers 2023, 15, 2131. [CrossRef] [PubMed]

van Belzen, . A.E.M.; Schonhuth, A.; Kemmeren, P.; Hehir-Kwa, J.Y. Structural variant detection in cancer genomes: Computa-
tional challenges and perspectives for precision oncology. NPJ Precis. Oncol. 2021, 5, 15. [CrossRef]

Choo, Z.-N.; Behr, ] M.; Deshpande, A.; Hadi, K.; Yao, X.; Tian, H.; Takai, K.; Zakusilo, G.; Rosiene, J.; Da Cruz Paula, A.; et al.
Most large structural variants in cancer genomes can be detected without long reads. Nat. Genet. 2023, 55, 2139-2148. [CrossRef]
[PubMed]

Chong, 1.Y,; Starling, N.; Rust, A.; Alexander, J.; Aronson, L.; Llorca-Cardenosa, M.; Chauhan, R.; Chaudry, A.; Kumar, S.; Fenwick,
K.; et al. The Mutational Concordance of Fixed Formalin Paraffin Embedded and Fresh Frozen Gastro-Oesophageal Tumours
Using Whole Exome Sequencing. . Clin. Med. 2021, 10, 215. [CrossRef]

Robbe, P,; Popitsch, N.; Knight, S.J.L.; Antoniou, P.; Becq, J.; He, M.; Kanapin, A.; Samsonova, A.; Vavoulis, D.V.; Ross, M.T,;
et al. Clinical whole-genome sequencing from routine formalin-fixed, paraffin-embedded specimens: Pilot study for the 100,000
Genomes Project. Genet. Med. 2018, 20, 1196-1205. [CrossRef] [PubMed]

Solassol, J.; Ramos, J.; Crapez, E.; Saifi, M.; Mangé, A.; Vianes, E.; Lamy, P-J.; Costes, V.; Maudelonde, T. KRAS Mutation Detection
in Paired Frozen and Formalin-Fixed Paraffin-Embedded (FFPE) Colorectal Cancer Tissues. Int. ]. Mol. Sci. 2011, 12, 3191-3204.
[CrossRef]

De Paoli-Iseppi, R.; Johansson, P.A.; Menzies, A.M.; Dias, K.R.; Pupo, G.M.; Kakavand, H.; Wilmott, ].5.; Mann, G.J.; Hayward,
N.K,; Dinger, M.E.; et al. Comparison of whole-exome sequencing of matched fresh and formalin fixed paraffin embedded
melanoma tumours: Implications for clinical decision making. Pathology 2016, 48, 261-266. [CrossRef]

Ondracek, R.P.; Chen, J.; Marosy, B.; Szewczyk, S.; Medico, L.; Mohan, A.S.; Nair, P; Pratt, R.; Roh, ].M.; Khoury, T.; et al. Results
and lessons from dual extraction of DNA and RNA from formalin-fixed paraffin-embedded breast tumor tissues for a large
Cancer epidemiologic study. BMC Genom. 2022, 23, 614. [CrossRef]

Ohmomo, H.; Komaki, S.; Ono, K.; Sutoh, Y.; Hachiya, T.; Arai, E.; Fujimoto, H.; Yoshida, T.; Kanai, Y.; Sasaki, M.; et al. Evaluation
of clinical formalin-fixed paraffin-embedded tissue quality for targeted-bisulfite sequencing. Pathol. Int. 2021, 71, 135-140.
[CrossRef]

Kreula, J.; Bondestam, S.; Virkkunen, P. Sample size in fine needle aspiration biopsy. Br. J. Surg. 1989, 76, 1270-1272. [CrossRef]
Byron, S.A.; Van Keuren-Jensen, K.R.; Engelthaler, D.M.; Carpten, ].D.; Craig, D.W. Translating RNA sequencing into clinical
diagnostics: Opportunities and challenges. Nat. Rev. Genet. 2016, 17, 257-271. [CrossRef] [PubMed]

Shohdy, K.S.; Bareja, R.; Sigouros, M.; Wilkes, D.C.; Dorsaint, P.; Manohar, J.; Bockelman, D.; Xiang, ].Z.; Kim, R.; Ohara, K,;
et al. Functional comparison of exome capture-based methods for transcriptomic profiling of formalin-fixed paraffin-embedded
tumors. NPJ Genom. Med. 2021, 6, 66. [CrossRef] [PubMed]

de Ruijter, T.C.; de Hoon, ].PJ.; Slaats, J.; de Vries, B.; Janssen, M.].EW.; van Wezel, T.; Aarts, M.].B.; van Engeland, M.; Tjan-Heijnen,
V.C.G.; Van Neste, L.; et al. Formalin-fixed, paraffin-embedded (FFPE) tissue epigenomics using Infinium HumanMethylation450
BeadChip assays. Lab. Investig. 2015, 95, 833-842. [CrossRef] [PubMed]

Kalmar, A.; Péterfia, B.; Wichmann, B.; Patai, A.V.; Bartak, B.K.; Nagy, Z.B.; Furi, I; Tulassay, Z.; Molnar, B. Comparison of
Automated and Manual DNA Isolation Methods for DNA Methylation Analysis of Biopsy, Fresh Frozen, and Formalin-Fixed,
Paraffin-Embedded Colorectal Cancer Samples. . Lab. Autom. 2015, 20, 642-651. [CrossRef] [PubMed]

Jovanovi¢, B.; Sheng, Q.; Seitz, R.S.; Lawrence, K.D.; Morris, S.W.; Thomas, L.R.; Hout, D.R.; Schweitzer, B.L.; Guo, Y.; Pietenpol,
J.A.; et al. Comparison of triple-negative breast cancer molecular subtyping using RNA from matched fresh-frozen versus
formalin-fixed paraffin-embedded tissue. BMC Cancer 2017, 17, 241. [CrossRef]

He, A.; Powell, S.; Kyle, M.; Rose, M.; Masmila, E.; Estrada, V.; Sicklick, J.K.; Molinolo, A.; Kaushal, S. Cryopreservation of Viable
Human Tissues: Renewable Resource for Viable Tissue, Cell Lines, and Organoid Development. Biopreserv. Biobank. 2020, 18,
222-227. [CrossRef]

Restivo, G.; Tastanova, A.; Balazs, Z.; Panebianco, F.; Diepenbruck, M.; Ercan, C.; Preca, B.-T.; Hafner, J.; Weber, W.P.; Kurzeder, C.;
et al. Live slow-frozen human tumor tissues viable for 2D, 3D, ex vivo cultures and single-cell RNAseq. Commun. Biol. 2022, 5,
1144. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/biomedicines11123263
https://doi.org/10.3390/cancers15072131
https://www.ncbi.nlm.nih.gov/pubmed/37046792
https://doi.org/10.1038/s41698-021-00155-6
https://doi.org/10.1038/s41588-023-01540-6
https://www.ncbi.nlm.nih.gov/pubmed/37945902
https://doi.org/10.3390/jcm10020215
https://doi.org/10.1038/gim.2017.241
https://www.ncbi.nlm.nih.gov/pubmed/29388947
https://doi.org/10.3390/ijms12053191
https://doi.org/10.1016/j.pathol.2016.01.001
https://doi.org/10.1186/s12864-022-08837-6
https://doi.org/10.1111/pin.13054
https://doi.org/10.1002/bjs.1800761216
https://doi.org/10.1038/nrg.2016.10
https://www.ncbi.nlm.nih.gov/pubmed/26996076
https://doi.org/10.1038/s41525-021-00231-7
https://www.ncbi.nlm.nih.gov/pubmed/34385467
https://doi.org/10.1038/labinvest.2015.53
https://www.ncbi.nlm.nih.gov/pubmed/25867767
https://doi.org/10.1177/2211068214565903
https://www.ncbi.nlm.nih.gov/pubmed/25576093
https://doi.org/10.1186/s12885-017-3237-1
https://doi.org/10.1089/bio.2019.0062
https://doi.org/10.1038/s42003-022-04025-0

	Introduction 
	Materials and Methods 
	Sample Procurement 
	DNA Extraction 
	DNA Concentration and Purity Measurements 
	DNA Fragment Analysis 
	Statistics 

	Results 
	Matched Tumor Sample Deidentified Patient Demographics 
	Sample Preparation and Purity 
	DNA Extraction and Yield 
	Assessment of DNA Quality between Cryopreserved and FFPE 

	Discussion 
	Conclusions 
	References

