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Abstract (limit 250 words)

BACKGROUND: Discovery and verification of protein biomarkers in clinical specimens using mass
spectrometry are inherently challenging and resource-intensive.

METHODS: Formalin-fixed paraffin-embedded tissue-biopsy samples from a prostate cancer patient
cohort (PCZA, n = 68) were processed in triplicate using pressure cycling technology, followed by
microflow LC SWATH® analysis with different gradients and window schemes. Potential protein
biomarker candidates were prioritized using random forest analysis and evaluated by receiver
operating characteristic curve analysis. Selected proteins were verified with a targeted MRM'R assay
using the 15 min microflow LC strategy on a second prostate cancer cohort (PCZB, n = 54). Potential
biomarkers were further verified using TMA on a third cohort (PCZD, n = 100).

RESULTS: We developed and optimized a 15-min microflow LC approach coupled with microflow
SWATH MS. Application of the optimal 15 min and conventional 120 min LC gradient scheme using
samples from the PCZA cohort led to quantification of 3,800 proteins in both methods with high
quantitative correlation (r = 0.77). MRM!"R verification of 154 prioritized proteins showed high
quantitative consistency with the 15 min SWATH data (r = 0.89). Separation of benign and malignant
tissues achieved precision (AUC = 0.99). ECHS1 was further verified in a third cohort PCZD
successfully, agreeing with RNAseq data from the TCGA in a different cohort (n=549). Our methods
enables practical proteomic analysis of 204 tissue samples within 5 working days.

CONCLUSION: Single-shot, short gradient SWATH-MS coupled with MRM!R is both practical and
effective in discovering and verifying protein biomarkers in clinical specimens.

Introduction

Prostate cancer (PCa) is a group of complex diseases that occur in the prostate gland, resulting
from carcinogenesis that leads to the modulation of a number of proteins. The regulated proteins in
malignant prostate tissue samples reflect the molecular pathology of these complex diseases and offer
a plethora of drug targets[1]. Due to the high degree of inter-patient and inter-tissue heterogeneity, it is
crucial to identify differentially expressed proteins in prostate cancer cohorts and verify them in multi-
center studies. However, this is inherently challenging and resource-intensive mainly due to the lack
of high-throughput protein biomarker discovery and verification methods.

Typically, proteomes are analyzed using shotgun proteomics by multi-dimensional fractionation
based on the need to isolate each peptide precursor for fragmentation, sequencing, and quantification.
Isotopic labeling technologies including SILAC, iTRAQ, and TMT increase the multiplexing
capability of shotgun proteomics; however, they remain resource-intensive for analyzing clinical
cohorts. Several proteomics studies using these methods have reportedly analyzed up to 200 clinical
samples [2]; however, very few laboratories—even well-equipped ones—can carry out such
expensive investigations. Many researchers have been striving to shorten the LC gradient time to
increase the efficiency of shotgun proteomics analysis. For example, by integrating multiple pre-
fractionations with relatively shorter LC gradients, in-depth MS analysis of a whole proteome can be
achieved [3]. However, this analytical approach lacks reproducibility and is time consuming, posing a
challenge in applying it to quantitative clinical studies for biomarker discovery for which hundreds to
thousands of patients are usually recruited. A faster method based on Nano-LC and Orbitrap MS has
been reported recently [4] that achieved high throughput, with 60 samples per working day with a 21-
min nano-LC system. However, the robustness and reproducibility of this method for large numbers
of tissue samples in cohort studies remain to be evaluated.

SWATH/DIA mass spectrometry [5], which identifies and quantifies peptide precursors via
chromatographic peak groups from highly convoluted mass spectra [6], bypasses the need to isolate
peptide precursors during acquisition, improving data completeness and enabling efficient single-shot
proteomic analysis. The key to this MS technique is the ability to collect high resolution MS/MS
spectra at very high acquisition rates, such that a wide mass range can be covered with a series of
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93  smaller Q1 isolation windows in an LC-compatible cycle time. Thus, the rapid scanning rate of

94  TripleTOF® systems has been the key to enabling the shortening of LC gradients for analyzing

95  complex tissue proteomes, from 120 min [6] to 45 min [7], without compromising proteome depth;
96  this method is increasingly applied to analyze various types of clinical samples including plasma [8]
97  as well as tumor tissues [6, 7, 9].

98 An increasing number of studies have demonstrated the applicability of microflow

99  chromatography coupled with SWATH-MS [10-14], especially with regard to clinical applications. In
100  this study, we combined microflow LC with SWATH-MS to perform a quantitative proteomics study
101 of PCa tissue-biopsies in a high throughput manner by further shortening the LC gradient—a method
102  referred to as single-shot short gradient microflow SWATH acquisition (S3 SWATH MS). After
103 benchmarking, we applied S3 SWATH to discover protein biomarker candidates from a prostate
104  cancer cohort, some of which were further validated orthogonally using independent cohorts and
105  MRM™ verification.

106
107  Materials and Methods
108  Standard protein digests

109 HEK 293 cell digests were prepared as has been previously described [15] and were provided by
110  Dr Yansheng Liu. K562 cell digests were obtained from the SWATH Performance Kit (SCIEX,

111 Framingham, MA, USA). iRT peptides (Biognosys, Schlieren, Switzerland) were spiked into peptide
112 samples at a final concentration of 10% prior to MS analysis for retention time (RT) calibration.

113 PCa patient cohorts and formalin-fixed paraffin-embedded (FFPE) samples

114 The PCZA and PCZB cohorts were acquired from the Second Affiliated Hospital College of
115  Medicine, Zhejiang University. The PCZD cohort was collected from the First Affiliated Hospital
116 College of Medicine, Zhejiang University. All patients were recruited from 2017 to 2018. All cohorts
117  were approved by the ethics committee of their respective hospitals.

118 The PCZA cohort was composed of 58 PCa patients and 10 benign prostatic hyperplasia (BPH)
119  patients. The PCZB cohort included 24 PCa patients and 30 BPH patients, while the PCZD cohort
120  contained 70 PCa patients and 30 BPH patients.

121 In the PCZA cohort, three biological replicates (size 1 x 1 x 5 mm?®) were collected and analyzed
122 by SWATH MS and MRM"™®, In the PCZB cohort, two biological replicates (1.5 x 1.5 x 5 mm?®) were
123 analyzed by MRM"R, In the PCZD cohort, one punch (1.5 x 1.5 x 5 mm?) was used for each sample
124  for TMA validation.

125  Pressure cycling technology (PCT)-assisted peptide extraction from FFPE tissues

126 Approximately 0.5 mg of an FFPE tissue punch was weighed and processed for each biological
127  replicate via the FFPE-PCT workflow as described previously [16]. Briefly, the tissue punches were
128  first dewaxed by incubating with 1 mL of heptane under gentle vortexing at 600-800 rpm, followed
129 by serial rehydration using 1 mL of 100%, 90%, and 75% ethanol, respectively. Tissues were further
130  incubated with 200 uL of 0.1% formic acid (FA) at 30 °C for 30 min for acidic hydrolysis. The tissue
131  punches were then transferred into PCT-MicroTubes and were briefly washed with 100 pL of fresh
132 0.1 M Tris-HCI (pH 10.0) to remove FA residues. Thereafter, the tissues were incubated with 15 pL of
133 freshly prepared 0.1 M Tris-HCI (pH 10.0) at 95 °C for 30 min with gentle vortexing at 600 rpm.

134  Samples were immediately cooled to 4 °C after basic hydrolysis.

135 Following the pretreatment described above, 25 uL of lysis buffer (6 M urea, 2 M thiourea, 5
136 mM Na;EDTA in 100 mM ammonium bicarbonate, pH 8.5) was added to the PCT-MicroTubes
137  containing tissues and protein extracts that were soaked previously in 15 pL of 0.1 M Tris-HCI (pH
138  10.0). The tissue samples were further subjected to PCT-assisted tissue lysis and protein digestion
139  procedures using the Barocycler NEP2320-45K (Pressure Biosciences Inc., Boston, MA, USA) as
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140  described previously [17]. The PCT scheme for tissue lysis was set such that each cycle involved 30 s
141 of high pressure at 45 kpsi and 10 s of ambient pressure, oscillating for 90 cycles at 30 °C. Protein
142 reduction and alkylation was performed at ambient pressure by incubating protein extracts with 10
143  mM Tris(2-carboxyethyl) phosphine (TCEP) and 20 mM iodoacetamide (IAA) in darkness at 25 °C
144 for 30 min, with gentle vortexing at 600 rpm in a thermomixer. Then the proteins were digested with
145  MS grade Lys-C (enzyme-to-substrate ratio, 1:40) using a PCT scheme set to 50 s of high pressure at
146 20 kpsi and 10 s of ambient pressure for each cycle, oscillating for 45 cycles at 30 °C. Thereafter, the
147  proteins were further digested with MS grade trypsin (enzyme-to-substrate ratio, 1:50) using a PCT
148  scheme with 50 s of high pressure at 20 kpsi and 10 s of ambient pressure in one cycle, oscillating for
149 90 cycles at 30 °C. Peptide digests were then acidified with 1% trifluoroacetic (TFA) to pH 2-3 and
150  subjected to C18 desalting. iRT peptides were spiked into peptide samples at a final concentration of
151 10% prior to MS analysis for RT calibration.

152  Optimization of microflow LC gradients coupled with SWATH MS

153 During the optimization studies, peptide samples were separated with different microflow

154  gradients and different SWATH-MS parameters. Linear gradients of 3—35% acetonitrile (0.1% formic
155  acid) with durations of 5, 10, 20, 30, and 45 min were evaluated. The number of Q1 variable windows
156 (40, 60, 100) and MS/MS accumulation time (15, 25 ms) constituted the key parameters that were
157  adjusted for the shorter gradients. The need for collision energy spread with the optimized collision
158  energy ramps was tested. Four replicates were performed for each test, after which the data were

159  processed with PeakView® software with the SWATH 2.0 MicroApp to evaluate the number of

160  proteins and peptides quantified at <1 % FDR and with < 20% CV. The optimized methods were then
161  tested on multiple instruments with different cell lysates to confirm the robustness of the observations.

162  S3 SWATH MS acquisition

163 Peptides were separated at a flow rate of 5 uL/min along a 15 min 5-35% linear LC gradient
164 (buffer A: 2% ACN, 0.1% formic acid; buffer B: 80% ACN, 0.1% formic acid) using an Eksigent
165  NanoLC 400 System coupled to a TripleTOF® 6600 system (SCIEX). The DuoSpray Source was
166  replumbed using 25 um ID hybrid electrodes to minimize post-column dead volume. The SWATH
167  method consisted of a 150 ms TOF MS scan with m/z ranging from 350 to 1250 Da, followed by

168  MS/MS scans performed on all precursors (from 100 to 1500 Da) in a cyclic manner. A 100 variable
169 QI isolation window scheme was used in this study (Supplemental Table 1B). The accumulation time
170  was set at 25 ms per isolation window, resulting in a total cycle time of 2.7 s.

171 For the beta-galactosidase digest (8-gal) calibration analysis, peptides were separated at a

172 flowrate of 5 pL/min along a 5 min 5-35% linear LC gradient (buffer A: 2% ACN, 0.1% formic acid;
173 buffer B: 80% ACN, 0.1% formic acid) using an Eksigent NanoLC 400 System coupled to a

174  TripleTOF® 6600 system (SCIEX). The DuoSpray Source was replumbed using 25 um ID hybrid
175  electrodes to minimize post-column dead volume. The MS method consisted of a 250 ms TOF MS
176  scan with m/z ranging from 400 to 1250 Da, followed by a 500 ms product ion scan (target m/z =

177  729.4, indicating a peptide in the B-gal digest mixture) with a scan range of 100—1500, high sensitivity
178  mode. The RT, intensity, and m/z of targeted precursor and fragment ions were used for LC QC, the
179  sensitivity test, and mass calibration separately.

180  MRMMR MS acquisition

181 A time scheduled MRM!R targeted quantification strategy was used to further validate proteins
182  observed to be differentially expressed based on the SWATH quantification described above. Peptides
183  were separated at 5 uL/min using the same microflow LC approach as that used for S3 SWATH MS
184  analysis. The TripleTOF® 6600 mass spectrometer was operated in IDA mode for time-scheduling the
185  MS/MS acquisition for 286 peptides for the MRM"R workflow. The method consisted of one 75 ms
186  TOF-MS scan for precursor ions with m/z ranging from 350 to 1250 Da, followed by MS/MS scans
187  for fragment ions with m/z ranging from 100 to 1500 Da, allowing for a maximum of 45 candidate
188  ions to monitor per cycle (25 ms accumulation time, 50 ppm mass tolerance, rolling collision energy,
189  +2 to +5 charge states with intensity criteria above 2 000 000 cps to guarantee that no untargeted
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190  peptides would be acquired). The fragment information including m/z and RT of a targeted precursor
191  ion was confirmed by previous SWATH results and was then added to the inclusion list for the

192  targeted analysis. The intensity threshold of targeted precursors in the inclusion list was set to O cps
193  and the scheduling window was 60 s. The targeted peptide sequences were the same as those found in
194  the previous SWATH MS analysis.

195 Targeted MRM"™® data were analyzed by Skyline [18], which automatically detected the

196  extracted-ion chromatogram (XIC) from an LC run by matching the MS spectra of the targeted ion
197  against its spectral library generated from the IDA mode within a specific mass tolerance window
198  around its m/z. All peaks selected were checked manually after automated peak detection using

199  Skyline. Both MS1 and MS2 filtering were set as “TOF mass analyzer” with a resolution power of 30
200 000 and 15 000, respectively, while the “Targeted” acquisition method was defined in the MS/MS
201 filtering.

202  SWATH data analysis

203 The optimization data for optimal LC gradients were processed using the SWATH 2.0 MicroApp
204  in PeakView® software (SCIEX) using the Pan Human Library [19]. RT calibration was performed
205  first using iRT peptides for an adjusted RT window at a 75 ppm XIC extraction width. Replicate

206  analysis was performed using the SWATH Replicate Analysis Template (SCIEX) to determine the
207  number of peptides and proteins quantified at a 1% peptide FDR and < 10 or 20% CV.

208 The prostate samples were processed using the OpenSWATH pipeline. Briefly, SWATH raw data
209  files were converted in profile mode to mzXML using msconvert and analyzed using OpenSWATH
210  (2.0.0) [5] as described previously [6]. The RT extraction window was 600 s and m/z extraction was
211 performed with 0.03 Da tolerance. RT was then calibrated using both iRT peptides. Peptide precursors
212 were identified by OpenSWATH and PyProphet with d_score > 0.01. For each protein, the median
213  MS2 intensity value of peptide precursor fragments, which were detected to belong to the protein was
214  wused to represent the protein abundance.

215  Tissue microarray analysis

216 The TMA and IHC procedures used in this study have been described previously [20]. The ESCH
217  antibody was acquired from Proteintech (66489-1-I1g; Chicago, IL, USA).

218
219 Results and Discussion
220 Establishment of the S3 SWATH MS method

221 We first optimized the short microflow LC gradient using the TripleTOF® 6600 system. A series
222  of LC gradient lengths ranging from 5, 10, 20, and 45 min were tested (Table S1). For each LC

223  condition, the number of variable Q1 windows (60 and 100) were investigated. More acquisition

224 windows require shorter MS/MS accumulation times to maintain an LC compatible cycle time;

225  therefore, two different MS/MS accumulation times, 15 and 25 ms, were tested (Fig. 1a). These

226  adjustments were aimed to ensure reasonable data points across the narrower chromatography peaks
227  that are obtained with faster LC gradients.

228 Standard HEK 293 cell lysate digests were used for the optimization. One microgram of peptides
229  was loaded onto the microflow column. For each optimization condition, four technical replicates

230  were analyzed. The data were processed and evaluated according to the number of proteins and

231  peptides quantified with FDR < 1% and CV < 10% or CV < 20%, respectively. The data acquired with
232 20 min microflow LC gradient enabled the quantification of 90% of the proteins as quantified by the
233 45 min microflow LC gradient method (Fig. 1a). Using the optimized 20 min gradient method, we
234  identified 14,112 peptides and 3523 proteins with CV below 10% when the Q1 window was fixed at
235  100. Decreasing the MS/MS accumulation time to 15 ms was tested and did contribute to higher

236  numbers of protein and peptide identifications, especially for the 5 and 10 min LC gradients.

237  Calculation of the number of peptides identified per time unit (min) further showed that the LC-MS
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238  condition involving a 10 min microflow LC gradient plus 100 Q1 windows with the MS/MS

239  accumulation time of 15 ms resulted in the highest number of identified peptides per time unit.
240  Typically, using more variable Q1 isolation windows provided improved quantitative results most
241  likely because of reduced signal/noise due to increased coelution of peptides. The MS/MS

242  accumulation time was shortened to account for the much narrower LC peak widths.

243 After the optimization experiments, the best condition for each gradient length with optimal

244 windows and MS/MS accumulation time was used to analyze the HEK293 cell line proteome on

245  multiple instruments to fully characterize the impact of gradient length on SWATH quantitation (Fig.
246 1b). As expected, as the gradients were shortened, fewer proteins and peptides could be reliably

247  quantified. The 20 min gradient using the best acquisition conditions quantified ~91% and ~83% of
248  the proteins and peptides, respectively, that were quantified during the 45 min gradient with a 1 pg
249  peptide load. The 10 min gradient using the best acquisition conditions quantified ~77% and ~65 % of
250  the proteins and peptides, respectively, that were quantified during the 45 min gradient witha 1 pg
251  peptide load. A total of 3354 proteins were reproducibly quantified at < 20% CV using the 10 min
252  gradient (Fig. 1b). That said, the reduction in quantified proteins was less than expected when

253  compared to the 45 min gradient with a 1 pg peptide load. These results confirmed that accelerated
254 microflow SWATH experiments, i.e., the S3 SWATH method, can be applied to biomarker research
255  studies where large cohorts are available and high throughput is desired.

256
257
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259 Figure 1. Optimization of S3 SWATH acquisition using HEK 293 cell lysate. (a) Using a series of
260 microflow LC gradient lengths, the SWATH acquisition conditions were optimized to determine the
261 best acquisition and processing settings for the accelerated analysis. The number of proteins and

262 peptides were quantified with the cutoff of FDR < 1% and CV < 10% or < 20% calculated from four
263  technical replicates for each tested condition. (b) Using the optimized conditions determined for each
264  gradient, several datasets were collected on two 6600 instruments to benchmark the impact on proteins
265  quantified. The 10 and 20 min gradients allowed for ~70% and ~90%, respectively, of the proteins to
266  be quantified as compared to the 45 min gradient.

267

268 To confirm the utility of S3 SWATH in a PCa patient cohort, we further tested the S3

269  SWATH method using a PCa tissue pool which included three PCa and three BPH patient
270  samples. We investigated the best MS acquisition and processing settings with each LC

271  gradient of 10, 15, and 20 min gradients using a 1 pg peptide load in technical duplicate (Fig.
272 S1). The 45 min microflow LC gradient with a 1 pg peptide load was used as reference. The
273 15 min gradient was selected for use in the study, as there were 3263 proteotypic peptides and
274 1367 SwissProt protein groups quantified with CV% below 10% for the 1 pg peptide load. As
275  the use of shorter gradients is expected to have an effect on peak widths, S/N of data, etc., we
276  also varied the RT extraction windows in the OpenSWATH analysis from 0 to 700 with a 10 s
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277  interval and checked the protein identification (Fig. S2). Data showed that for both 10 min
278  and 20 min gradient S3-SWATH, the number of proteins identified saturated when the RT
279  extraction window was higher than 100 s.

280
281  Application of S3 SWATH to a PCa patient cohort

282 With the optimal S3 SWATH workflow, we analyzed the proteomes of the PCZA cohort
283  containing 58 PCa patient samples and 10 BPH patient samples. The demographic and

284  clinical information of these 68 patients are provided in Table 1; more details are available in
285  Table S2. Altogether, we processed 204 FFPE tissue punches (three biological replicates for
286  each sample) in seven batches (Fig. 2a), as well as quality control (QC) samples in each batch
287  for PCT-assisted digestion (Fig. 2a). These samples were analyzed with S3 SWATH on a

288  TripleTOF® 6600 mass spectrometer with QC runs for each MS batch. Automated p-gal

289  calibration and analytical column washing were performed every four sample injections

290  throughout the process (Fig. 2b). Taking into account the B-gal calibration, column washing
291  time, and control samples, the S3 SWATH method with 100 variable Q1 windows on the

292  TripleTOF® 6600 system completed the data acquisition for this cohort—in triplicates—in
293  125.7 hr (~5 days). We compared the S3 SWATH application in PCZA with another study by
294  our research group that involved use of the conventional SWATH method with 120 min LC
295  gradient and 48 variable Q1 windows in a TripleTOF® 5600+ [16]. The conventional method
296  required 467 hr (~20 days) to analyze the sample cohort (Fig. 2b). A total of 5059 and 4038
297  SwissProt proteins were quantified by the 120 and 15 min workflows, respectively, with a
298  quantitative reproducibility of CV < 20%. A total of 3800 proteins were found in common in
299  Dboth data sets (Fig. 2b), comprising 75.1% of the proteins in the 120 min SWATH and 94.1%
300  proteins in the S3-SWATH. The S3 SWATH method gained a practical acceleration of 3.7
301  times when compared to the conventional method, with only a 24.88% loss of protein

302  identification.

303 Both methods achieved a high degree of quantitative reproducibility at the protein level
304  (Fig. 2¢); the correlation coefficient between triplicates in the S3 SWATH method alone and
305  the 120 min SWATH MS method is 0.874 and 0.865, respectively, indicating the impressive
306  robustness of the S3 SWATH method. As for the 3800 proteins quantified, Pearson correlation
307  showed a high similarity (r = 0.7681) between the proteome data generated by the two

308  methods (Fig. 2d) and the correlation coefficient between two MS methods for individual

309  samples is over 0.7 (Fig. S3), further consolidating the high quantitative accuracy of the S3
310  SWATH method.

311
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312  Table 1. Demographic and clinical characteristics of the patients from different cohorts
313
314 Cohorts PCZA PCZB PCZD
Tissue types BPH=10 PCa=58 BPH=30 PCa=24 PCa=70
BPH=30
Biological replicates n=3 n=2 n=1
Age (yr)
Median 68 67 69 70 70 67
Range 58-80 52-82 54-82 58-78 61-83 53-81
Gleason score
Median 7 7 7
Range 6-10 7-9 6-9
3+3 0 0 0
3+4 15 11 27
4+3 19 8 30
=8 17 3 17
315
316
317

318
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a Test cohort Batch design for PCT-assisted sample preparation
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Figure 2. Application of S3 SWATH to the PCZA cohort. (a) Batch design of PCZA cohort. There
are six batches of samples. Each batch contains PCa samples, BPH samples, technical replicates for
randomly selected samples, mouse live-sample pool for PCT QC, and pooled prostate samples for LC-
MS QC. (b) Workflow of the S3 SWATH and conventional SWATH. (¢) Pearson correlation of 15 min
and 120 min SWATH proteomes of the PCZA cohort. (d) Pearson correlation of 3800 proteins that
were quantified by both 15 min and 120 min SWATH.

Next, we investigated the differentially expressed proteins using random forest (RF)
analysis (Fig. 3). We selected 473 proteins from the S3 SWATH data set after filtering with
Mean Decrease Accuracy > 0. We assessed the 120 min dataset further and found 152 proteins
regulated in both data sets, which separated the malignant from the benign prostate samples in
individual datasets with the area under the curve (AUC) value over 0.95.

Another classification algorithm, XGBoost, combined with the leave-one-out cross
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validation, were used to validate the predictability of the 152-protein-signature panel. As
shown in Fig. 3, we use the 120 min data and 15 min data as training set and validation set
respectively. This result further demonstrated the robustness of the S3 SWATH workflow.
Throughout the training process, due to the limited number of samples (n = 68), we used the
leave-one-out cross validation method to judge the effect of the classifier on the training set
and adjust the classifier parameters. The trained model then classified the test data set. Using
the 120 min data set as the training set and the 15 min data set as the validation set, or vice
versa, we observed high AUC using the XGBoost classifier (0.997 and 0.998 respectively).

Among the 152 proteins, many well-known diagnostic makers such as AMARCA or drug
targets such as IDH, EIF4E [21] have been found. Next we employed ingenuity pathway
analysis (IPA) to analyze the pathways represented by the 152 proteins (Fig. S4-5) and
observed the presence of multiple metabolic pathways such as mitochondrial dysfunction,
oxidative phosphorylation, fatty acid oxidation, and the TCA cycle, which is consistent with
prior knowledge that metabolism is dysregulated and reprogrammed in prostate cancers [22]
(Fig. S4). The IPA identified multiple drivers of the dysfunctional protein network observed
here, including MYC, TP53 [23], and FOS [24], as well as potential drugs for PCa including
decitabine [25], fenofibrate [26], and methotrexate [27] (Fig. S5).

b 15 min 120 min
1.0 1.0
a 08 0.8
; =
EPTOtEIr] Random Score & Random 2 06 0.6
Xpression Forest rank Forest '% 0.4 AUC:0.979| n 4 AUC:0.990
i w
protein A /.:' Class 1 Test ' 0.2 0.2
protein B —<? Class2 0.0 0.0
a2 0.0 0.20.40.60.81.0 00020406081.0
\.<. : Specificity Specificity
4 <. c 15 min——>120 min 120 min——>15 min
\t. XGboost 1.0 1.0
protein N Class X 08 08
- e
Input Hidden Output Leave-one-out | = 0.6 06
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@02 0.2
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Figure 3. Identification of differentially expressed proteins between PCa and BPH tissues. (a)
Schematic of the random forest algorithm. The protein matrix generation from 120 min SWATH and S3
SWATH involve independent data input and the output results represent the important score (mean
decrease accuracy) for each protein. (b) A total of 152 overlapping proteins with higher scores were
selected to distinguish benign and tumor tissues by AUC in two protein matrices from 120 min SWATH
and S3-SWATH. (c) A total of 152 proteins were validated by another machinal learning method,
XGBoost with leave-one-out cross validation, in two protein matrices.

Verification of potential diagnostic proteins using MRM"R

We then further validated the S3 SWATH data using a PRM [28] implementation in the
Triple TOF® system called MRM"R, The MRM"R method was optimized using a pooled
prostate sample to select the best peptides, Q1 isolation windows, and best target fragment
ions for quantitation. The protein and peptide information including the RTs were imported
into Skyline to build a spectral library. Twelve of the original 152 proteins were rejected due
to lower data quality. A total of 261 peptides from 140 proteins and 1429 fragment ions were
selected for data extraction. Time scheduling was used to ensure at least eight data points
across the LC peaks as well as an optimized accumulation time of 25 ms for each peptide for
high quantitative data quality. We also examined the reproducibility of XICs for all peptides
in the MRM"R assays. For the five pooled samples measured across five batches, we found
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that 76.6% of precursors measured from the peptides were quantified with a CV below 20%.
The median CV was 13.4% (Fig. S7a).

To confirm the quantitative accuracy of the S3 SWATH data, we re-analyzed 99
samples in the PCZA cohort using the MRM"® method. The protein fold-changes between
tumor and normal samples were calculated. We investigated the correlation of 15 min
MRM!R and 15 min S3 SWATH quantitative datasets for the 140 proteins based on both
Pearson and Spearman correlations. The two datasets were highly correlated with each other,
confirming the superior accuracy of both the S3 SWATH and MRM"R approaches (Fig. 4a).
We further quantified the expression levels of the 140 proteins in an independent prostate
cancer cohort, PCZB, containing 30 BPH and 24 PCa in duplicated biological replicates using
the same 15 min MRM!R workflow. For the six pooled samples measured across six batches,
75.6% of peptide precursors were quantified with a CV below 20%. The median CV is 14.9%
(Fig. S7b). As shown in Fig. 4b, the ROC of the 140-protein-signature panel clearly
distinguished PCa from BPH patient groups.

a
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Figure 4. Verification of proteomic data using MRM"R, (a) Pearson and Spearman correlation
coefficients between 15 min S3 SWATH and MRM"R datasets were calculated based on the loga(T/N)
of protein expression. (b) The ROC curves of protein quantification from MRM"R to predict the tumor
and normal tissues with the random forest algorithm (T: PCa, N: BPH, H: hyperplasia in BPH patients,
B: benign in BPH patients).

We then investigated three proteins—PRDX3 (P30048), COPA (P53621), and ECHSI1
(P30084)—in detail, prioritized due to their participation in oncogene regulation and potential
as drug targets (Fig. S5). PRDX3 is an androgen-regulated cell-surface protein which has
been reported to be upregulated in PCa as a potential drug target [29, 30]. COPA is a coatomer
mediating the biosynthetic protein transport from the endoplasmic reticulum and is associated
with cell proliferation [31, 32]. It is overexpressed in PCa tissue and its inhibitor can suppress
cell cycle and increase apoptosis of PCa [33]. ECHSI1 is an enoyl-CoA hydratase in the
mitochondria, which plays important roles in the mitochondrial fatty acid f-oxidation
pathway with several reports associating it to HCC and cancers other than PCa [34-36]. Our
data show that their expression changes appeared consistent in all three workflows, i.e., 120
min SWATH, S3-SWATH, and MRM"R in the PCZA cohort samples (Fig. 5). An independent
cohort, PCZB, further confirmed their upregulation in prostate tumors (Fig. 5). The ROCs of
these three proteins from four different datasets distinguishing benign from malignant tissue
samples are shown in Fig. S9; all of AUC were over than 0.75. The results from the
independent cohort PCZB were better than those from cohort PCZA in terms of predictive
power, probably due to the higher number of normal samples in the PCZB.
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407 Figure 5. MRMHR validation of potential diagnostic proteins using the PCZA and PCZB. PRDX3
408  (peptide: +2 DYGVLLEGSGLALR), COPA (peptide: +2 DVAVMQLR), ECHS1 (peptide: +2
409  EGMTAFVEK). The left panel shows the fragment ion extracted-ion chromatograms (XICs) for the

410 peptide from each protein. The right panel of boxplots shows the peptides quantified in the different
411  data sets.

412
413  Verification of protein markers using tissue microarray (TMA)

414 The most important disordered functions in prostate cancer involve metabolism. We

415  performed IPA network analysis for the 140 proteins and identified 36 core networks

416  (Table S4). Among them, Network No. 24, containing ECHS1, is associated with amino acid
417  metabolism, small molecular biochemistry, and development (Fig. 6a). This network contains
418  NF-KB signaling and the molecular associations of lipid metabolism [37], such as the

419  participation of ACTA2 in the cholesterol biosynthesis pathway, which is involved in

420  castration-resistant prostate cancer [38, 39]. ACTA2, ARSA, and ECHS1 are involved in fatty
421  acid B oxidation. ECHS1 was found to be overexpressed in PCa tumors from both PCZA and
422  PCZB cohorts, in all the four MS datasets in this study. We further applied TMA and

423  immunohistochemistry staining (IHC) to verify the protein expression changes of ECHS1

424 measured by MRM™R in the PCZD cohort which contains 30 BPH and 70 PCa (Table 1,

425  Table S5). Positive cytoplasmic staining of ECHS1 was observed in prostate tumor tissue but
426  not in BPH tissue (Fig. 6), although the difference among different cancer stages as indicated
427 by Gleason scores (GS, from 6 to 9) was not significant. We also compared the RNAseq of
428  normal and tumor in a TCGA dataset containing 549 patients (52 control patients and 497
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tumor patients) [40]. ECSH1 also show significant different expression (Fig. 6d). This data
confirms that ECHS1 is a promising prostate cancer biomarker.

a b
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Figure 6. IHC stain for ECHS1 on tissue microarray. (a) IPA analysis shows Network No. 24
contains ECHS1. (b) TMA shows positive staining of ECHS1 in prostate cancer tissues. The staining
images of representative BPH patients (patient SN: 20178204 1-3) and PCa patients with different
Gleason Scores from 6 to 9 are shown (patient SN: GS3+3:201747411-7, GS3+4: 201738874-13,
GS4+3:201742345-10, GS4+4: 201754711-12, GS5+4: 201747749-17). (¢) IHC score shows elevated
expression of ECHS1 in prostate cancer tissues compared with BPH types. The p value was calculated
using a student ¢-test. (d) Transcript copies were calculated from PCa and BPH tissue types based on
the TCGA dataset. Student’s #-test was used to calculate the significance.

Conclusion

The microflow S3 SWATH enables practical detection of regulated proteins in prostate
cancer tissues which are largely identical to those identified by conventional SWATH method
and consistent with targeted quantification using MRM"R for shortlisted proteins. Proteins
prioritized by the S3 SWATH method were further verified by two independent prostate
cancer cohorts. Our multilayer data nominated ECHS1 as a promising biomarker for PCa and
potential drug targets. This work presents a novel proteomics pipeline based on an accelerated
microflow SWATH MS strategy with potential to accelerate the discovery and verification of
protein biomarkers for precision medicine.
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