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Summary
The preparation of formalin-fixed and paraffin-embedded (FFPE) tissue for mass spectrometry-based (MS) proteomics relies on efficient
removal of paraffin, which commonly involves toxic xylol as gold standard. Besides its toxicity, paraffin removal by xylol typically comes at
the cost of reproducibility and sample throughput. Here, we developed an alternative, non-toxic MS based proteomics workflow based on
Adaptive Focused Acoustics® (AFA®) sonication and a modified Protein Aggregation Capture (PAC) method (APAC). Considering depth of
proteome analysis, de-crosslinking efficiency and dynamic range of protein abundance, our method completely removed any disadvantages
to existing xylol-based deparaffinization protocols, while also increasing reproducibility. The protocol can be easily adjusted to large or small
sample amounts and, based on Covaris 96-well plates, applied to cohorts in a clinical cancer setting. Thus, our protocol represents a nontoxic, reproducible and high-throughput FFPE tissue analysis method by mass spectrometry-based proteomics.
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Here, we developed a xylol-free deparaffinization and sample
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preparation strategy for the application in MS-based proteomics
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by the combination of AFA-based lysis with a modified Protein
Aggregation Capture (PAC) protocol [4]. Our method efficiently
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which depends on aggregation of denatured proteins on magnetic beads4 (Figs. 1A,C).
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Figure 1. Workflow of the xylol-free APAC method for efficient proteomic sample preparation of FFPE tissue in 96-well format. A, Overview of the
sample preparation workflow combining heating, AFA-sonication and a modified PAC protocol. B, A combination of heating and AFA-sonication
removes paraffin from FFPE tissue. The sample lysate after the first sonication cycle is shown. C, Protein precipitation on magnetic beads using the

Fig. 1: Workflow of the xylol-free APAC method for efficient proteomic sample preparation of FFPE tissue

Covaris 96-well plates. D, Fast and parallel removal of paraffin from three exemplary samples from the first (left) to the fifth (right) washing step using
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To test whether our xylol-free workflow would perform comparably to common xylol deparaffinization, we included samples from the
same tissue block, which we deparaffinized prior to the APAC workflow. Notably, both sample types resulted in highly similar peptide and
protein peptide identification rates (Figs. 2A,B), as well as protein abundance ranges (Fig. 2C). On average, we quantified 3,900 proteins
and 20,842 peptides per single run measurement, with protein abundances spanning more than five orders of magnitude. Known adenoma
markers, such as EGFR, β-catenin (CTNNB1) and E-Cadherin (CDH1), showed similar protein levels for both protocols (Fig. 2C).
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We next investigated potential differences in formalin de-crosslinking and included lysine methylation as variable posttranslational
modification in the database search. In addition to its natural occurrence, this modification can be generated as side reaction of formalin
crosslinking. Comparing our method with the xylol-based protocol showed no difference in lysine methylation, indicating that crosslink
reversal was equally efficient in both protocols (Fig. 2B). In both cases about 10% of lysine containing peptides were methylated, a similar
range to a previous proteomic study [10].
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C, Dynamic range comparison between protocols. Mean protein abundance ranked over the total number of identified proteins.

Number of lysine methylated peptides in reference to all identified peptides. C, Dynamic range comparison
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adenoma sections. While both section types provided enough material for multiple MS measurements, 10 µm thick sections showed a

higher spread of peptide yields (Fig. 3A). Nevertheless, this did not affect the number of protein identifications, which was highly similar
under both conditions (Fig. 3B).

To evaluate the efficiency of tissue lysis and paraffin removal in relation to the thickness
of tissue sections, we prepared 3 and 10 µm thick adenoma sections. While both section
types provided enough material for multiple MS measurements, 10µm thick sections
showed a higher spread of peptide yields (Fig. 3A). Nevertheless, this did not affect the
number of protein identifications, which was highly similar under both conditions (Fig.
3B).
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3 µm. B, Corresponding number of quantified proteins using MS in workflow replicates for each condition (n = 8).

purification for FFPE slices of 3 and 10 µm, respectively. B, Corresponding number of quantified proteins
using MS in workflow replicates for each condition (n = 8).
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To further assess the reproducibility of the APAC workflow we analyzed three tissue sections of a colorectal adenoma from which we
obtained multiple samples. We quantified more than 3,500 proteins in each of the tissue replicates (n=7) with one exception (Fig. 4A).
The coefficients of variation for these biologically different sections were 32.6, 19.8 and 24.5%, respectively (Fig. 4B). From 4,681 protein
groups, 4,353 (93 %) were quantified in all three sections (Fig. 4C). Median Pearson correlations across all proteome measurements were
0.96, showing high workflow reproducibility (Fig. 4D).

Figure 4. High reproducibility of our workflow in a clinical application. A, Three consecutive sections of FFPE adenoma tissue and
workflow replicates (n = 8) yield reproducible numbers of quantified proteins per run. B, Coefficient of variation indicating workflow
variability within each section. C, Comparing occurrence of protein identifications in between the respective sections. D, Pearson

Fig. 4: The workflow shows high reproducibility in an example of clinical application. A, Three consecutive

Correlation matrix including workflow and biological replicates. A median correlation coefficient of all analyzed samples proves repro-

sections
of FFPE the
adenoma
ducibility throughout
completetissue
matrix. and workflow replicates (n = 8) demonstrate reproducibility by the means

Methods

of identified proteins per sample. B, Coefficient of variation indicating workflow variability within each

section. C, Comparing occurrence of protein identifications in between the respective sections. D, Pearson
All samples were human FFPE tissues collected with informed consent (Health Research Ethics Committee of the Capital Region of
Correlation matrix including workflow and biological replicates. A median correlation coefficient proves
Denmark for colorectal adenomas [H-16022392]) and in accordance with the Declaration of Helsinki.
reproducibility throughout the complete matrix.

FFPE tissue scrolls were transferred to a 96-well Covaris plate. Control tissue was deparaffinized in 1.5 mL Eppendorf tubes using xylol
and ethanol as described recently [3]. We treated FFPE and control tissue samples identically in the 96-well setup for all following steps.
A volume of 40 µL of ‘Covaris Tissue Lysis Buffer’ was added to each well and incubated at 95 °C for 10 min and 800 rpm in a ThermoMixer. A temperature-regulated lid prevented evaporation of the low buffer volume. The 96 wells were closed with strip caps; the plate
was placed on the rack and was subsequently processed in the Covaris LE220-plus Focused-ultrasonicator (450 PIP, 50% DF, 200 cycles,
300 s) and incubated at 95 °C and 800 rpm for 60 min using that temperature-regulated lid. To ensure efficient deparaffinization and
DNA shearing, the samples were treated a second time in the Covaris LE220-plus Focused-ultrasonicator employing the settings described
above. Proteins were stepwise reduced and alkylated adding DTT (final concentration 5 mM) and CAA (final concentration 20 mM) for 20
min at room temperature and 1400 rpm, respectively. Due to the high concentration of paraffin in solution, we used a Nanodrop system to
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To extract proteins from the FFPE lysate, we adapted the Protein Aggregation Capture (PAC) protocol [4], and integrated additional washing
steps to efficiently remove the paraffin. We added Sera Mag Speed Beads in a bead to protein ratio of 1:5 and a volume of 10 µL to each
well. On-bead protein aggregation was induced by addition of acetonitrile to a final concentration of 68% and incubation for 20 min at
room temperature with repetitive mixing cycles. To reduce the risk of cross-contamination within in the sample plate, we used a total
volume of 190 µL per well for all following steps. Placing the plate on a magnetic rack for 1 min allowed the beads to settle down and
to remove residual lysate row-wise by a multi-channel pipet. Aggregated beads were washed in cycles (c) of bead resuspension in 100%
isopropanol, incubation at 50 °C and 1200 rpm for 10 min, settling of the beads for 1 min on a magnetic rack, and removal of supernatant.
Subsequent to clearance of the supernatant (c = 3), we ensured complete removal of paraffin by two further steps (ctotal = 5). Washed
beads were resuspended in 100 mM Tris-HCl pH 8 supplemented with MS-grade trypsin and LysC at an enzyme to protein ratio of 1 to 50.
Subsequent to an incubation at 37 °C and 1200 rpm overnight, the digest was completed adding trypsin and LysC in a ratio of 1 to 100
for an incubation of four hours. After removing all supernatant separated from the magnetic beads, the enzymatic reaction was quenched
using TFA at a final concentration of 1% (v/v). Resulting peptides were purified using the StageTip procedure as previously described
[5]. Deparaffinized and clean samples were vacuum dried in a SpeedVac centrifuge at 45 °C (Eppendorf, Concentrator plus, cat. no.
5305000304) and resuspended in 2% acetonitrile (v/v), 0.1% formic acid (v/v)).
All samples were measured on a 100 min gradient using a Q Exactive HFX Orbitrap instrument (Thermo Fisher Scientific) equipped with
a nano-electrospray ion source and connected to an EASY-nLC 1200 ultra-high pressure system (Thermo Fisher Scientific). An injected
peptide amount of 500 ng was separated on a 45 cm HPLC column based on fused silica (inner diameter: 75 μm, outer diameter: 365 μm;
generated in-house using ReproSil-Pur C18-AQ 1.9 μm beads, Dr. Maisch GmbH, Germany). We kept the column temperature constant at
60 °C using an in-house column oven containing a Peltier element. The SprayQC software monitored the measurement in real-time [6].
MS data was acquired using the Thermo Xcalibur software (version 4.0.27.19, Thermo Scientific, USA). Peptides were loaded in buffer
A (0.1% FA in LC-MS H2O) and eluted in a 100 min HPLC gradient of buffer B (80% acetonitrile, 0.1 % FA) at a flow rate of 350 nl per
minute. A gradient of 3 to 23% of buffer B for 82 min was followed by an increase of buffer B to 40% within 8 min and 98% within further
6 min. Buffer B was kept at 98% for further 4 min to ensure a complete elution of peptides from the column. MS spectra were recorded
using a Top15 data-dependent acquisition (DDA) mode including MS1 (resolution: 60,000; maximum injection time: 25 ms; AGC target: 3 x
10E6) and MS2 scans (resolution: 15,000; maximum injection time: 28 ms; AGC target: 1 x 10E5). Normalized collision energies were set
to 27 in the HCD cell and dynamic exclusion of precursor ions was fixed for 30 s.
We analyzed resulting raw files using MaxQuant7 (version 1.6.7.0) with a peptide and protein FDR of less than 1% and the ‘Match Between
Runs’ function enabled. Label-free quantification was enabled using a minimum LFQ ratio count of one. The human UniProtKB database
(P000005640_9606 and UP000005640_9606_additional, version 2019) was used as a forward reference and was automatically converted
to a reverse decoy database. Further settings followed default values that remained unchanged. Statistical data analysis and plotting was
performed in Perseus [8] and the Python [9] framework. For data analysis, we excluded reverse sequences and potential contaminants as
well as proteins that were identified only by post-translational modifications. For the visualization of the protein abundance ranges, the
means of logarithmic (log10) label free quantitation (LFQ) intensities was ranked by decreasing values and plotted against the respective
abundances. Coefficients of variation of the workflow replicates were calculated based on the MS-data before taking logarithms.

Discussion
We here developed a non-toxic and robust deparaffinization strategy of FFPE tissue samples for MS-based proteomics. Our method,
termed APAC, combines the paraffin dissolving capacity of AFA technology with a modified version of the Protein Aggregation Capture
(PAC) protocol [4] to efficiently extract proteins from the paraffin matrix. FFPE tissue provides a valuable resource for clinical and molecular
research. Building on large collections of FFPE samples, biobanks world-wide provide access to patient material often associated with
clinical data such as disease progression or survival. Long-term preservation of samples thereby allows the integration of data derived
from patient material accumulated over time [11]. Modern biobanking increases the number of samples in study cohorts which is often
necessary to reach sufficient statistical power [12]. It is crucial, however, that the processing of these large sample numbers is done
in a highly consistent, reproducible and sensitive way. Research on the molecular basis of diseases or robust clinical diagnosis require
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especially efficient and reproducible workflows in a high-throughput format. Parallelized, multi-sample preparation strategies for MS-based
proteomics have been reported earlier for FFPE tissue by us and others [3,13]. Our recently described streamlined proteomic workflow
is based on H&E stained tissue sections; samples that had already undergone de-paraffinization as part of routine histopathology [3]. The
APAC strategy described here now completes the sample preparation pipeline starting with unprocessed FFPE tissue and ending with
clean peptide sample ready for MS analysis. While being highly reproducible, scalable and robust, our non-toxic deparaffinization and
sample preparation workflow generates similar yields to common xylol-based protocols. In combination with current developments in
high-throughput MS based proteomics, our method will enable the processing of large FFPE tissue biobank cohorts, which represent an
enormous treasure box for biomedical research yet to be explored. Together with existing genomic protocols, AFA technology can now
capture RNA, DNA and proteome from these tissues.
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