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ABSTRACT
Introduction: Formalin-fixed paraffin-embedded (FFPE) tissue provides a valuable source of infor-
mation for pathological studies and oral cancer pathology. However, FFPE tissue immobilization
and storage often cause the partial degradation of nucleic acids, resulting in mRNA sequencing
libraries that may not be of sufficient quantity and quality for gene expression analysis. We opti-
mized the RNA extraction and library preparation process to increase the amount of useful data
obtained with low-quality RNA from FFPE oral cancer tissue samples. Methods: This study used 20
samples stored for 1–2 years. After RNA extraction from FFPE samples, we compared twomethods
for library preparation, rRNA depletion and exome capture, to make recommendations for metrics
such as RNA input and output concentrations and generated full RNA sequencing data for down-
stream bioinformatics analysis. Results: The quantity of RNA extracted from six 8-µm-thick slices
of FFPE tissue was sufficient for library preparation (130 ng/µL); sample quality did not differ signif-
icantly with storage time. Additionally, the RNA samples had an average DV200 index of 30%–50%.
Exome capture outperformed rRNA depletion for library preparation in library output concentra-
tion (p < 0.001) and RNA sequencing data generated for bioinformatics analysis. Conclusion: RNA
can be extracted from FFPE samples for sequencing, provided they have been handled and stored
appropriately. Exome capture is the best method for preparing libraries for RNA sequencing from
low-quality tissue samples such as FFPE.
Keywords: FFPE, formalin-fixed paraffin-embedded, next-generation sequencing, oral squamous
cell carcinoma, RNA sequencing

INTRODUCTION
Oral squamous cell carcinoma (OSCC) is the most
common head and neck malignancy, with over
400,000new cases diagnosed annually 1. OSCCdevel-
opment and progression are complicated by the inter-
action and influence of many genes and other signal-
ing pathways2,3. There remains a lack of biomarkers
and targeted therapies forOSCC.Therefore, searching
for targeted therapies for OSCC becomes especially
important.
Next-generation RNA sequencing (RNA-seq) has
been widely used in cancer research4. Previous
molecular profiles of common malignancies in The
Cancer GenomeAtlas have been generated from fresh
tumor samples, which yielded high-quality RNA for
qualitative analyses5. However, for any cancer, only
some cases have fresh tissues available for unbiased
RNA analysis, of which few have long-term treat-
ment data available6. Therefore, researchers have
used formalin-fixed paraffin-embedded (FFPE) tissue

samples for RNA sequencing, particularly since FFPE
tissue biorepositories are maintained at all oncology
hospitals and can be linked to detailed patient clinical
data to delineate control and trial groups. In addition,
FFPE tissue samples are usually stored for at least 10
years, enabling the study of long-term treatment out-
comes.
Despite its many advantages, FFPE tissue sample pro-
cessing and storage can result in highly degraded
RNA, limiting gene detection and possibly generat-
ing spurious gene sequences. Therefore, researchers
have endeavored to improve techniques and proce-
dures for analyzing RNA from FFPE samples7,8. In
this study, we standardize the RNA sequencing pro-
cess for FFPE tissue samples and identify several fac-
tors related to tissue selection, RNA isolation, library
selection, and data analysis to ensure the RNAseq data
obtained from the FFPE samples is valid. We aimed
to compare two commonly usedRNA library prepara-
tion protocols using low-quality RNA from FFPE oral
cancer tissue samples and to recommend RNA input
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metrics to ensure adequate RNA-seq data for down-
stream bioinformatics analysis.

METHODS

Clinical samples

The study used 20 retrospective FFPE tissue sam-
ples from patients with OSCC who were examined
and treated at Ho Chi Minh City Oncology Hospital.
Among the studied samples, 13 had been stored for
one year, and seven had been stored for two years.
For each FFPE sample, one 3–4 µm thick slice was
cut for hematoxylin and eosin (H&E) staining, and
4–6 8 µm thick slices were cut for RNA extraction.
A pathologist marked the cancer tissue on the H&E
slide to locate the corresponding tumor on the 4–6 tis-
sue slices used for RNA extraction. These tumor sites
were scraped with a sterile blade, placed in a 1.5 mL
Eppendorf tube, and stored at−20◦Cuntil needed for
RNA extraction.

RNA isolation

RNA was extracted from the FFPE tissue samples us-
ing the PureLink FFPE RNA Isolation Kit (K156002;
Invitrogen). The extraction procedure comprised the
following steps: thermal decomposition of paraffin
for 10 minutes, sample lysis with proteinase K for 10
minutes, sample washing for five minutes, and RNA
dissolution for two minutes9.
The extracted RNA was evaluated for quantity by
measuring its concentration on a QuantiFluor RNA
System (Promega) and for quality by determining its
DV200 index10. The DV200 index is the percent-
age of RNA with a length >200 nucleotides. FFPE
samples with a DV200 of >70% are considered high-
quality, those with a DV200 of 50%–70% are consid-
ered medium-quality, those with a DV200 of 30%–
50% are considered low-quality, and those with a
DV200 <30% are considered heavily degraded and
are excluded from RNA-seq11. Finally, the extracted
RNA was stored at −80◦C until required for library
preparation.
Among the 20 studied samples, eight were used to op-
timize the number of FFPE slices required for RNA
sequencing (four or six 8 µm slices) and determine
whether or not to remount the FFPE wax block (re-
mounting makes FFPE tissue slicing easier and more
accurate for immunohistochemical staining). The ex-
traction results were evaluated and compared based
on the concentration and DV200 index before select-
ing the optimal method for RNA extraction and ap-
plying it to the subsequent samples.

Library preparation and sequencing
This study evaluated two commonly usedRNA library
preparation protocols for FFPE samples: rRNAdeple-
tion and exome capture.
The rRNA depletion method was applied to 10 FFPE
samples. The rRNAs (cytoplasmic 5S, 5.8S, 18S,
28S, ITS, human ETS, and 12S and 16S mitochon-
dria rRNA) were removed from the total extracted
RNA with the NEBNext rRNA Depletion Kit v2
(Human/Mouse/Rat; New England Biolabs), and the
rRNA-depleted RNAwas used for library preparation
with the NEBNext Ultra II Directional RNA Library
Prep Kit for Illumina (New England Biolabs) accord-
ing to the manufacturer’s instructions.
The Exome capture method was applied to the re-
maining 10 FFPE samples. This method comprised
two stages: the first prepares a cDNA library from
the extracted RNA with the NEBNext Ultra II Direc-
tional RNA Library Prep Kit for Illumina (omitting
the rRNA removal step; New England Biolabs), and
the second performs target enrichment using a hy-
bridization procedure with the xGen NGSHybridiza-
tion Capture Kit (Integrated DNA Technologies; Fig-
ure 1).
The input RNA concentration was 750 ng for rRNA
depletion and 100 ng for exome capture. The cDNA
levels obtained in the library preparation were mea-
sured using a QuantiFluor DNA System. Here, lib-
1 is the cDNA concentration of stage I, and lib-2 is
the cDNA concentration of stage II. Because theNEB-
Next rRNA depletion method only performed stage
I, lib-1 and lib-2 were the same for this method. Fi-
nally, the libraries were sequenced on an Illumina
MiniSeq Sequencing System with a 100-cycle proto-
col and single-end reads, generating approximately
40 million reads per sample. The sequencing data
files were converted to the FASTQ format and then
processed in Python (v3.7) using command packages,
FastQC (v.0.1.1.8), TrimGalore (v.0.6.4), and Kallisto
(v.0.46.0) with a human transcriptome index (Homo
sapiens GRCh38).

Statistics analysis
Data are presented as the mean± standard deviation.
Data normality was assessed using the Shapiro–Wilk
test. The cDNA concentrations were compared be-
tween the two library preparation methods using the
nonparametric Mann–Whitney U test. The mRNA
concentrations andDV200 indexes were compared by
storage year, number of slices, and FFPE remounted
procedure using the parametric t-test. A p < 0.05 was
considered statistically significant.
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Figure 1: Study design andworkflow. Schematic of the sample flow through 2 protocols. The cDNA concentra-
tion after stages I and II were represented by the Lib-1 and Lib-2 indices, respectively. While the NEBNext rRNA
Depletion method only executed one stage with Illumina NEBNext Ultra II RNA Library Kit, both Lib-1 and Lib-2
serve as the final cDNA concentrations suitable for RNA sequencing.

Figure 2: RNA quantity and quality are impacted by the year of storage, number of slices, and remounted
FFPE. (A-B) 20 FFPE patterns of oral squamous cell carcinoma tissue were isolated and evaluated for the corre-
lation between RNA concentration, DV200, and year of collection (one to two years). (C-D-E-F) 8 FFPE patterns
were isolated from four to six 8µmsections and evaluated for the correlation between RNA concentration, DV200,
and the remounted, number of slices of FFPE blocks. Red lines at DV200 = 30% denote recommended minimal
technical limits for successful sequencing.
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Figure 3: The relationship between library cDNA concentration by 2 methods. Lib-1 was the cDNA concen-
tration after stage I with the NEBNext RNA library procedure, while Lib-2 was the cDNA concentration after stage
II with the xGen hybridization capture procedure.

Table 1: Sequencing results of 4 samples by Exome capture-basedmethods

Sample % rRNA %mRNA Insert Size % Dups % Aligned M Aligned

32_1 0.0% 93.6% 130 bp 60.9% 95.7% 15.0

33_27 0.7% 89.4% 130 bp 80.1% 92.3% 1.3

34_1 0.1% 94.1% 155 bp 53.8% 93.9% 18.2

143_1 0.9% 91.8% 133 bp 80.9% 92.8% 3.2

RESULTS
Sample storage time
The study included 20 samples stored for either one
or two years. Group 1 comprised 13 samples stored
for one year, and Group 2 comprised seven samples
stored for two years. RNA extraction results showed
that all samples met RNA quality and quantity for in-
clusion in the library preparation process, with a con-
centration higher than 130 ng/µL and a DV200 index
higher than 30%. Groups 1 and 2 did not differ sig-
nificantly (Figure 2 A, B).

Number of slices and FFPE remount proce-
dure
Eight samples were divided into four groups to test
the quality and concentration of the extracted RNA.
Groups 1 and 2 each comprised two RNA samples
extracted from four or six 8 µm thick slices, respec-
tively, cut from blocks that had not been remounted.
Groups 3 and 4 each comprised two RNA samples
extracted from four or six 8 µm thick slices, respec-
tively, that had been cut from remounted blocks. RNA
was extracted from all samples with the PureLinkTM

FFPE RNA Isolation Kit, providing concentrations
>130ng/µL andDV200 indexes≥34% for all samples,
with no apparent differences in RNA quantity and

quality among the four groups (Figure 2 C, D, E, F).
This finding shows that the number of slices and the
FFPE remounting procedure did not affect RNA ex-
traction. Therefore, we chose to perform FFPE block
remounting before slicing and used six 8 µm thick
slices for all subsequent FFPE samples.

Library preparation and sequencing
The amount of RNA obtained from the extraction
procedure was higher than the amount of input RNA
required for both library preparation methods. We
used 750 ng of input RNA for the rRNA depletion
method and 100 ng of input RNA for the exome cap-
ture method; this input RNA amount was adjusted as
recommended by the standard procedure of each kit.
After the rRNA depletion procedure, the cDNA con-
centration was quite low for the 10 samples, ranging
from 0.35 to 1.53 ng/µL, so the amount of cDNA ob-
tained after the library preparation procedure was be-
tween 7.0 and 30.6 ng. As a routine procedure, we
conduct 14 cycles of PCR amplification for the NEB-
Next rRNA depletion library.
The exome capture-based library preparationmethod
comprised two stages: stage I prepared the cDNA
library from the extracted RNA with the NEBNext
Ultra II Directional RNA Library Prep Kit for Illu-
mina (omitting the rRNA removal step), and stage
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II performed target enrichment using a hybridiza-
tion process with the xGen Hybridization Capture
Kit. The cDNA concentration was determined af-
ter stage I (lib-1), and this stage was repeated from
1 to >2 times for each sample to achieve a minimum
cDNA amount required for the hybridization proce-
dure (250 ng). The stage I cDNA concentrations of
the 10 samples ranged from 3.11 to 65.8 ng/µL, with
eight reaching >250 ng after one preparation, two af-
ter two preparations, and one after three preparations
and a three-cycle PCR amplification.
The stage I cDNA concentrations (lib1) were signifi-
cantly higher with the exome capture-based method
than with the NEBNext rRNA depletion method (p <
0.001), possibly because the total RNA was handled
less in the exome-capture method (reverse transcrip-
tion only) than in the rRNA depletionmethod (rRNA
depletion and reverse transcription), providing less
opportunity for it to degrade.
After conducting stage I of the exome capture-based
method, we continued with stage II, which involved
target enrichment via hybridization with the xGen
Hybridization Capture Kit with 250 ng of input cDNA
for each sample. After the hybridization step, the
cDNA concentration (lib-2) ranged from 9.50 to
13.25 ng/µL across samples, a high concentration
that should provide good sequencing results. The
cDNA concentration differed significantly between
the rRNA depletion and exome capture-based meth-
ods (p < 0.001), suggesting the exome capture-based
method performs better in RNA library preparation
(Figure 3).
After RNA-seq, the 10 samples prepared using the
exome capture-based method had better results than
those prepared using the NEBNext rRNA depletion
method. The percentage of aligned reads on the hu-
man genome was about ≥90% in each sample, with
89%–94% of reads mapping to mRNA regions and
<1% mapping to rRNA regions. The mRNA regions
mainly comprise coding sequence regions (account-
ing for 79% – 87%; Table 1).
The RNA-seq results of the samples prepared with the
NEBNext rRNA depletion method showed a rather
short fragment size distribution due to the adapter in
the sample. The insert size fluctuated between 100
bp to <50 bp. In addition, only about 10% – 30%
of the reads mapped to the human genome, with the
rest unmapped. The unmapped reads were marked
too short because less than two-thirds of their length
was aligned to the reference sequence. The number
of reads mapped to mRNA regions was quite low,
<2000. Principal coordinate analysis (PCA) is unre-
liable when so few reads are used.

DISCUSSION
Clinical biological samples are often stored as
FFPE blocks, representing an invaluable resource
for biomedical research. Such FFPE blocks allow
long-term clinical sample storage, preserving tissue
morphology and nucleic acid information12,13.
However, gene expression analysis can be more
challenging with RNA extracted from FFPE samples
than from other sources due to RNA degradation.
Sample preservation with formalin hinders several
molecular applications. In addition, FFPE processing
and tissue storage have been shown to affect RNA
quality, limiting the quantification of gene expres-
sion by technologies such as RNA-seq14. Another
challenge with using FFPE samples is that standard
RNA extraction workflows often provide poor RNA
quality and quantity 15. Etiologically, formaldehyde
induces the formation of adducts and crosslinks and
interferes with the analysis of RNA itself 16. In addi-
tion, the RNA isolated from FFPE samples is typically
fragmented, and its utility might also be hampered
by contaminants and inhibitors17. Therefore, it is
vital to establish a robust and reproducible method
for extracting RNA of sufficient quality and quantity
for downstream analyses. Our study provides a guide
for further studies using FFPE samples for RNA-seq.
By following our recommendations, sequencing
samples with RNA and library inputs higher than
our suggested values will result in a higher success
rate for RNA-seq and reduce unnecessary sequencing
costs.
Our result shows that RNA quantity and quality of
RNA did not significantly differ between samples
stored for one or two years (p > 0.05). Choi et al. also
reported similar results for RNA quality from FFPE
samples stored for up to 10 years, which could be
used for RNA-seq. However, FFPE samples should be
checked carefully and immobilized within six hours
after surgery 18. Yi et al. noted that specimens that
were stored for longer were more degraded and pro-
vided lower RNA yields than others, but there was no
significant difference in RNA purity 19.
In our study, the amount of RNA extracted fromFFPE
samples was higher than 750 ng, ensuring sufficient
input for library preparation, and did not differ be-
tween remounted and non-remounted FFPE blocks
and the amount of tissue (p > 0.05). However, Jarzab
et al. noted that isolation efficacy was lower when
three sections were used (178 ng/µL) compared to
5–8 sections (279 and 301 ng/µL, respectively)20.
Therefore, we chose to remount the FFPE block and
cut six 8 µm thick slices for all FFPE samples in our
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study to ensure more favorable slice cutting for histo-
chemical staining and RNA extraction, assuring ade-
quate RNA amounts.
In our study, we used the minimum amount of RNA
for theNEBNext rRNAdepletion librarymethod (750
ng) and the exome capture-based librarymethod (100
ng). The exome capture-based method is preferable
for degraded FFPE samples with low RNA extrac-
tion quality and quantity due to its smaller input re-
quirement (100 ng). Indeed, standard RNA-seq pro-
tocols usually require a relatively large amount of in-
put RNA,making them difficult to apply to scarce and
degraded RNA from fixed clinical samples. Wang et
al. investigated the percentage of mapped reads, find-
ing the percentages of known splice alignments, partly
known splice alignments, and novel splice alignments
to be relatively comparable across all RNA input lev-
els21. Therefore, the exome capture-based library
preparation method that requires lower input is more
commonly used for FFPE samples.
The cDNA concentration of the libraries prepared
with the NEBNext rRNA depletion method ranged
from 0.35 to 1.53 ng/µL across samples. In contrast,
the cDNA concentrations of libraries prepared with
the exome capture-based method ranged from 9.5 to
13.25 ng/µL across samples, significantly higher than
those with the NEBNext rRNA depletion method.
The RNA-seq results showed that for the low-quality
RNA samples, such as those in our study, the NEB-
Next rRNA depletion library method provided rela-
tively few usable reads for analysis, leading to unstable
PCA results, due to short fragment sizes and poorer
quality. Therefore, this result is also similar to that
of Lin et al.8. The mRNA capture method used dur-
ing rRNA knockdown (cytoplasmic 5S, 5.8S, 18S, 28S,
ITS, human ETS, and 12S and 16S mitochondria) has
a loose junction that can also remove mRNAs, reduc-
ing the amount of mRNA available for reverse tran-
scription into cDNA and PCR amplification, making
the amount of cDNA in the library quite low and of
uncertain quality.
With the exome capture-based method, all RNAs
in the extracted sample are reverse transcribed into
cDNA, which is more stable than the original RNA,
and amplified with 14 PCR cycles, facilitating hy-
bridization with the xGen Hybridization Capture Kit.
This hybridization does not use conventional wash
beads like the NEBNext rRNA depletion method.
Instead, streptavidin beads form strong bonds with
streptavidin-5’-biotinylated primers on xGen Lock-
down Probes22, facilitating the purification process
and improving the library preparation. However, the
exome capture-based library preparation method has

some disadvantages, such as the need to wash the
streptavidin beads at 65◦C to ensure complete disas-
sembly of the streptavidin-5’-biotinylated oligo junc-
tion. This method also takes a long time because it re-
quires two stages (cDNA amplification and hybridiza-
tion). According to some studies, the exome capture-
based hybridization method helps to significantly in-
crease the amount of exon data due to cDNA capture.
However, the accuracy of quantified gene expression
decreased8,14,23.
A limitation of our study was its sample size. We
plan to confirm our findings in a larger cohort to en-
sure that there is sufficient power to detect statistical
significance and test samples from different disease
models.

CONCLUSIONS
In summary, our results show that mRNA sequenc-
ing of FFPE samples with storage times of 1–2 years
has a high success rate. TheNEBNext rRNAdepletion
and exome capture-based library preparation meth-
ods can both be used for good-quality FFPE samples.
However, the exome capture-based library prepara-
tion method is optimal for samples with low RNA
quantity and quality or appreciable degradation.

ABBREVIATIONS
FFPE: Formalin-fixed paraffin-embedded; H&E:
Hematoxylin and eosin; OSCC: Oral squamous
cell carcinoma; PCR: Polymerase chain reaction;
RNA-seq: RNA sequencing
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