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Abstract

Introduction

The development of radioresistance in prostateargfitCa) is an important clinical issue and
is still largely uninformed by personalised molesutharacteristics. The aim of this study
was to establish a platform that describes theyeamicoproteomic response of human
prostate tissue to radiation therapy (RT) usingogective human tissue cohort.

Methods

Fresh and fixed transperineal biopsies from eigai nwith clinically localised tumours were
taken prior to and 14 days following a single fractof high-dose-rate brachytherapy.
Quantitative protein analysis was achieved using@imised protein extraction pipeline and
subsequent data-independent acquisition mass speapy (DIA-MS). Ontology analyses
were used to identify enriched functional pathwaysh the candidates further interrogated
in formalin-fixed paraffin-embedded tissue biopdiesn five additional patients.

Results

We obtained a mean coverage of 5,660 proteins fresh tissue biopsies; with the principal
post-radiation change observed being an increadevals amongst a total of 49 proteins
exhibiting abundance changes. Many of these changaisundance varied between patients
and, typically to prostate cancer tissue, exhibaecigh level of heterogeneity. Ontological
analysis revealed the enrichment of the proteiivaobn cascades of three immunological
pathways: humoral immune response, leukocyte matlianmunity and complement
activation. These were predominantly associatetl tie extracellular space. We validated
significant expression differences in between 208 61% of these candidates using the
separate fixed-tissue cohort and established tfessibility as an experimental tissue

resource by acquiring quantitative data for a naeés 152 proteins per patient.



Discussion

In this prospective study, we have establishechaiee and reliable oncoproteomic pipeline
for the analysis of both fresh and formalin-fixedntan PCa tissue. We identified multiple
pathways known to be radiation-responsive and lestablished a powerful database of
candidates and pathways with no current associatitim RT. This information may be
beneficial in the advancement of personalised phiesa and potentially, predictive
biomarkers.

Introduction

Approximately one in seven men will be diagnosedhwprostate cancer (PCa) in their
lifetimes which is then responsible for more thai0,800 deaths globally annually. The
prevalence of early detection methods means thadt mmases can be treated early and
successfully with standardised radical therapiesjuding radiation therapy (RT) and
prostatectomy[1]. Despite high cancer control rateslio-resistance still occurs in many
cases treated with RT[2]. Our understanding ofpitoeesses that drive cell death in response
to radiation have, however, predominately focusseih vitro or animal models of PCa. The
absence of data analysing the response of the hproatate to radiation therapy has largely
been driven by the difficulty associated with obiag prospective comparative tissue
samples to enable differential profiling.

The field of high-throughput radio-proteomics haseeged as a powerful tool to define
protein changes in response to RT with the extvactf clinically useful biomarkers in
mind[3]. However, the absence of surrounding tissaed human immune-context
information in these studies has meant applicatoa clinical setting has been difficult. We
hypothesised that radiation-induced proteomic changithin tumours may yield valuable
insight into the causes of different treatment oates observed clinically. In this study, we

aimed to characterise the proteomic response oahuPCa to radiatiom situ. This is made



possible by a prospective tissue acquisition stecifically designed to address
radiobiology questions in PCa. Matched PCa biopgsr to and following RT were
obtained and processed specifically for quantigapvoteomic analysis. We report the first
pilot proteomic data from this novel cohort, asses major pathways perturbed following
RT, and validate expression changes in fixed aathigsue. We conclude that this is a
powerful means of revealing novel insights into teeponse of human PCa tissue to RT,
paving the way for clinically-relevant target se¢len and means for the mitigation of
radioresistance for improved therapeutic outcomes.

Methods

Cohort characteristics

Table 1 shows the clinical characteristics of thghte patients with intermediate risk,
localised PCa analysed. Each received high-dosebrachytherapy (HDRBT) with curative
intent as a boost therapy prior to external beadmotiherapy (EBRT) using an afterloaded
Iridium-192 ¢*Ir) source (Elekta Flexitron). Brachytherapy wasfgened using transrectal
ultrasound guidance and computed tomography simualdor planning purposes. Patients
had two HDRBT treatments performed 14 days apah «il0Gy fraction prescribed to the
target volume (whole prostate) on each occasidlovied by 46Gy in 23 fractions of EBRT.
Androgen Deprivation Therapy (ADT) was not employed any of these cases. All
participants provided consent covering tissue rebeas part of a prospective tissue
collection study for prostate radiobiology reseaagiproved by the Human Research Ethics
Committee at the Peter MacCallum Cancer Centre (EMBREC approvals 10/68 and

13/167).

Tissue collection and processing
Transperineal ultrasound-guided prostate biopsie® wbtained using a 16G biopsy system

(Bard Magnum series) both immediately before thst firaction of HDRBT and again 14



days later. Each paired sample set therefore repieshe 14 day response to a single 10Gy
fraction of HDRBT. Each tissue collection was core@d of three to five biopsies directed at
a region known to be tumour-bearing based on viBi or PET scanning or biopsy data
(where available) the location of a nodule on ex®tion; and any region of abnormality on
ultrasound at the time of biopsy. Integration dfcdlthese clinical and imaging factors was
performed at the time of biopsy (“cognitive fusipitiy the procedural clinician. Tissue cores
were either snap frozen at -80°C or fixed immediyaby immersion in a solution of 10%
neutral buffered formaldehyde for a maximum of 2dtloom temperature prior to paraffin-
embedding. Representative 3um sections were adgfioen all paraffin blocks for routine
staining for light microscopy and high-resolutioczasning. For both pre- and post-radiation
tissues, representative hemotoxylin and eosin staind PIN4 triple-stains, are included in
Supplementary Figures S1 and S2, respectively.Gasee specifically chosen for this study
based on assessment of tumour burden within bidgssue ¥50% cutoff) and an absence
of necrotic features.

Tissue lysis and protein extraction and preparation for mass spectrometry

Fresh tissue cores were snap-frozen and store80a€C -immediately after extraction from
patients. For protein extraction, each core wasdlwhilst frozen using a clean scalpel, to
which 100 pl of 1% w/v sodium deoxycholate (Sigrb&,750-100G) buffer (1% w/v SDC,
100 mM Tris pH 8.1) was added and the tissue wasogenised using five cycles at
amplitude 10 on a Soniprep 150 Plus sonicator (M&E)tein concentration was assessed
via bicinchoninic acid assay (Pierce, Cat#2322%)rpio0 protease digestion. For DIA-MS
analysis, 300 pg of total protein was denature@ding TCEP (Thermo, Cat#:77720) to a
concentration of 10 mM for 30 min at 50°C. Freeteys residues were alkylated for 20 min
at RT in the dark using 40 mM chloroacetamide (Sig®0267-100G) and the proteins were

digested with MS-grade trypsin (Promega, Cat#:V928@7°C overnight with mild shaking.



Digestion was stopped by the addition of formiaéai a final concentration of 1% v/v. SDC
removal was achieved by adding an equal volume aiémsaturated ethyl-acetate followed
by thorough vortexing. The solution was centrifuggdull speed and the middle aqueous
layer removed to a fresh tube. This step was repeatice.

For analysis of formalin fixed tissue, protein lgsavas obtained from single 10 um tissue
sections using a Qproteome FFPE tissue kit (Qia@at#:37623) and processed according to
the manufacturer’s instructions for mass spectramanalyses.

For analysis of both fresh and fixed specimens, dlgeested peptide solution was then
vacuum centrifuged at 30°C to pellet peptides whigs then resuspend in 30 pl buffer A
(0.1% formic acid in ddkD). Purification and desalting of peptides was qrened using P-
10 ZipTip columns (Agilent, OMIX-Mini Bed 96 C18,5/003MBK) which were eluted in
30 ul Buffer B (50% acetonitrile, 0.1% formic acith ddHO) according to the
manufacturer’s instructions. Eluted peptides wenent vacuumed centrifuge dry and

resuspended in 20 ul buffer A containing the iRptkes[4].

Experimental Design and Statistical Rationale

Radiation-specific changes were identified by amalgting and comparing 3-5 replicate

biopsies at pre-clinical or post-radiation timegsiin each of eight patients (n = 8). This

approach limited biopsy-specific effects due toeireimt and unavoidable tissue heterogeneity.
Matched pair analysis was used to identify protewth altered levels post-radiation. Fresh

tissue from three patients (n = 3) was used to rgémea list of preliminary changes which

was subsequently validated in fixed tissue sets {). Full details of protein recovery and

protein number identification can be found in Seppéntary Table S1. This approach was
designed to limit any potential bias resulting frahe fixation process and give the best
chance of identifying biologically relevant candies in unfixed fresh tissue. Study design

and sample size permitted a false positive rate,zddwer of 0.9,4;|]= 0.584 ands4 - 0.3.



Combined statistical analyses were performed uSipgctronaut Orion (Biognosys) merged
pre-clinical and post-radiation samples used thoigishlog fold change of 0.584 arglvalue
< 0.05 following analysis of multiple patient paiend normalization using median

abundances of all peptides/proteins.

Data-dependent acquisition (DDA) mass spectrometry

Using a Dionex UltiMate 3000 RSLCnano system egedppith a Dionex UltiMate 3000 RS
autosampler, the samples were loaded via an AcdapMap 100 trap column (100 pm x 2
cm, nanoViper, C18, 5 um, 100A; Thermo Scientifizjto an Acclaim PepMap RSLC
analytical column (75 pm x 50 cm, nanoViper, C18;r8, 100A; Thermo Scientific). The
peptides were separated by increasing concentsatib®80% ACN / 0.1% FA at a flow of
250 nl/min for 158 min and analyzed with an Orlgptfausion Tribrid mass spectrometer
(Thermo Scientific). Each cycle was set to a fix@ale time of 4 sec consisting of an
Orbitrap full msl scan (resolution: 120.000; AGCg#: 1e6; maximum IT: 54 ms; scan
range: 375-1575 m/z) followed by several Orbitrap2nscans (resolution: 30.000; AGC
target: 4e5; maximum IT: 118 ms; isolation winddw4 m/z; HCD Collision Energy: 32%).
To minimize repeated sequencing of the same peyptide dynamic exclusion was set to 15
sec and the ‘exclude isotopes’ option was activated

Quantification of proteins using data-independent acquisition (DIA) mass spectrometry

The identical instrument setup as described abbiaéx UltiMate 3000 LC system coupled
to an Orbitrap Fusion Tribrid mass spectrometes Ib@en used to quantify proteins using
data-independent acquisition (DIA). 50 sequentibh Wvindows with an isolation width of
12 m/z between 375 - 975 m/z have been acquirét dansecutive injections (resolution:
30.000; AGC target: 1e6; maximum IT: 54 ms; HCD ISmn energy: 32%; scan range:

200-2000 m/z) following a full ms1 scan (resolutid20.000; AGC target: 1e6; maximum



IT: 54 ms; scan range: 375-1575 m/z). A 158 mirdignat of increasing concentrations of
80% ACN / 0.1% FA has been used to separate thepsgor the DIA acquisition.

Mass spectrometric data analysis

Acquired DDA .raw files were searched against tobenéin UniProtKB/SwissProt database
(v2016_07) containing 20,221 entries including lR& peptide sequences [4] using Byonic
(Protein Metrics) embedded into Proteome DiscovéFbermo Scientific) to obtain peptide
sequence information. The following search paramessd settings have been used: (i)
decoys and contaminants were added through By@nitrypsin (full specificity after R and
K) was selected as protease and up to 2 missedagea were permitted; (ii) mass tolerances
were set to 10 and 20 ppm for precursor and fragnmeasses, respectively; (iii)
Carbamidomethylation of cysteine residues was ta&deas fixed modification; (iv) oxidation
of methionine residues was the only variable modifon permitted; (v) both wildcard
searches and glycan modifications were disabledly @eptides identified at a false
discovery rate (FDR) of 1% based on the added ddatgbase were considered for further
analysis.

Spectronaut 10 (Orion; Biognosys) was used to eréa¢ corresponding spectral library
based on the Proteome Discoverer output files.DAA raw files were converted to the
HTRMS file format using the HTRMS converter (Biogiys) and evaluated with Spectronaut
10 using default, protein-centric parameters (B@&iéry Settings). Data matrices containing
the quantitative values were obtained for both “@¢& and “QValue Sparse” data filters,
which are implemented in Spectronaut. Raw Spectitorsme files have been deposited as
supplemental data and can be inspected with Biggn®pectronaut Viewer.

Bioinformatic analyses

Hierarchical clustering (HC) and principal compohanalyses (PCA) were performed using

the Perseus computational platform[5]. HC data wggeerated using Euclidean distance,



average linkage and k-means pre-processing by ltledaunormalized protein values for
relevant proteins or subsets of proteins. To idgnproteins with either increased or
decreased relative abundance following radiatiolative to pre-radiation state, a fold
difference between post- over pre-radiation proteatues was used to identify relative
transcript abundance. High-confidence lists wereegged comprising proteins that
exhibited log fold-changes in post-radiation sampk®.584 (upregulated) 0rK0.584
(downregulated) normalised protein quantificatioalues relative to pre-radiation. High-
confidence proteins lists were generated by ideatibn of common changes with shared
directionality in all three patients. Protein lstrichment analysis was performed using a
variety of software platforms. Kyoto Encyclopaedi Gene and Genomes (KEGG)
enrichment was performed using the KEGG pathwagtidese[6-8] and analysed using online
Enrichr software[9, 10]. An adjusted value threshold of 0.05 was used for pathway
discovery. Results are presented as significant&g,(-transformed) and percentage of
pathway proteins identified in relevant protein $#blecular function, biological process and
cell compartment enrichment analysis was perforog@dg the Gene Ontology Consortium
database[11l, 12] and analyzed using Panther [13). value threshold of 0.05 used for
enrichment discovery with Benjamin-Hochberg metlodrection for multiple testing and
used custom background dataset comprising 8,00teipsocovered by a custom spectral
library database . Results were presented as isigmife (—log transformed) and percentage
of pathway proteins identified in relevant proteset. Functional network analysis was
performed using Cytoscape software [14] with Clue@(@g-in[15] on groups of proteins
with increased or decreased abundance with clagtem basis of shared ontology groups.

OntologypV value threshold used was 0.001 and kappa = 0.51.

Western blot and antibodies



Immunoblotting was performed as previously desdilhe6]. 2 pg of total protein was
analysed with commercial antibodies to Ferritin ¢Aim, ab-75973), Prostatic Acid
Phosphatase (Abcam; ab-109004) and Fibringg&anta Cruz, sc-133226).

Results

Experimental design, protein quantification and cluster analyses

This study was conducted in two phases as outimé&agure 1A: (Phase I) a discovery phase
to identify proteomic changes and radiation-resp@nproteins in fresh tissue, and (Phase II)
a validation phase to confirm the phase | findimgdixed tissues. In order to describe the
proteomic response of prostate cancer cells teilmgiradiation, we generated a dataset of
highly conserved proteomic changes using fresht@i®scancer biopsies harvested from
three patients immediately prior to and 14 daysradt single 10 Gy dose of image-guided
HDRB. For the initial discovery phase (Phase I), wsed fresh-frozen tissue biopsies from
three patients (RB031, RB038, RB045) taken immedidiefore and 14 days post-radiation
and quantified protein abundances using data-indbp# acquisition mass spectrometry
(DIA-MS). An in-house generated spectral librargnfr human prostate tissue was used to
interrogate all DIA raw files (data not shown). IBaling normalisation and imputation, we
obtained guantitative data for 6,235, 5,110 an@® firoteins using fresh tissue from patients
RBO031, RB038 and RBO045, respectively. To deternifirtbe effects of radiation exposure
can be predicted from the overall proteomic change, performed hierarchical and 2-
component PCA analysis on the normalized exprestatam from all six datasets. The results,
shown in Figure 1B and C, revealed that radiatipecgic clustering was largely absent and
instead indicated patient-specific heterogeneitye Two components within PCA analysis

accounted for 91.1% of the variation observed.

| dentification of RT-sensitive candidate proteins



To identify proteins with either induced or repe®xpression in response to radiation, we
generated logdifferences of individual protein abundance pastiation compared to pre-
radiation and filtered the data for proteins thatemded differences of +0.58 (increased
expression) or -0.58 (decreased expression) whielequivalent to fold-change cut-offs of
1.5. Using this approach, we identified a total 86, 376 and 184 proteins with
significantly altered expression in patients RBORB038 and RB045, respectively (Figure
2A). A parallel statistical analysis of grouped 4neated and post-radiation samples
identified 264 candidates (Figure S4A < 0.05; 1.5-fold change). However, this analysis
was not used for candidate identification as geared toward universal radiation responses
rather than those that are patient-specific arugily variable, which are the most clinically
useful.

Despite the indicated patient-specific variatiorthim the datasets, 49 radiation-responsive
proteins were independently identified in all thrpatients regardless of directionality.
Stratification of these candidates as either irgirgpor decreased in abundance (shown in
Figure 2B and C), revealed that 27 of the 49 (5&84e of a uniform direction in all patients

- being biased toward those increasing (24 proteiather than decreasing (3 proteins) in
abundance. Those increasing with the highest agerhgnge included Ferritin Light Chain,
Tenascin C, Keratin 15, CD163 and the Alpha, Betd &amma chains of Fibrinogen.
Proteins with the most decreased levels included B&Pase-Activating-like Protein
IQGAP2, Prostatic Acid Phosphatase and ATP-Citlagase. 22 candidates, including
Lactotransferrin and Myeloperoxidase, exhibitededpent patient-specific fold changes. The
accurate identification of candidates was suppobgdmmunoblot analysis of abundance
changes for Fibrinogen Ferritin, and Prostatic acid phosphatase in anet post-radiation
total protein lysates from RB031, RB038 and RBO4Supplementary Figure S3).

Importantly, these recapitulated both the direaldy and relative magnitude of changes



observed. A list of these patient-specific fold mipas and functional classification of the 27
high-confidence candidates with similar directiatyaln all three patients is provided in
Table 2. Broad classification of the candidatesead®d that secreted glycoproteins, iron
storage macromolecules and type | cytokeratins \@arengst the proteins with the highest
average fold changes (>4-fold difference).

Ontologically enriched pathways following radiation

The second phase of our study had the primary afngentifying what cellular pathways are
perturbed by radiation and determine if they areseoved in an extended cohort of fixed
tissue specimens. To do this, we performed genelagyt analyses using a dataset of
candidates that exhibited significant variationainleast 2 of the 3 patients (312 proteins).
This was done to include proteins which may exhibitonsistent expression and thus
potentially include useful markers of variable eddin responses, including radioresistance.
Using the gene ontology consortium database ofobioal processes, molecular functions
and cell compartment ontologies, we identified 186,and 63 significantp(< 0.05) hits in
each category, respectively (see Supplementarye$aBli2-4 for full lists). Biological
processes that were most overrepresented in tharddtided the protein activation cascade,
defence response, humoral immune response, lekoostliiated immunity and complement
activation (Figure 3A). Numerous molecular funcamere also highly enriched amongst the
candidates, specifically those involving prote@y@inzymes and their regulatory pathways,
including peptidase regulator activity, serine-typmdopeptidase activity, serine-type
peptidase activity, serine hydrolase activity andapeptidase inhibitor activity (Figure 3B).
Analysis of the underlying protein types contrilogtito these enrichments revealed a
collection of 22 proteins comprising Serpins (SgERPHS3), inter: trypsin inhibitors (e.qg.
ITIH3), complement proteins (e.g. CO3), metallopestes (e.g. TIMP3), collagen (e.g.

CO7A1) and apolipoproteins (e.g. APOA2), amongkéer.



Finally, when determining which cell compartmentsrev enriched, we identified that the
interstitium was overrepresented — most signifigafdr ontologies for extracellular space,
blood microparticle, extracellular region part, rexellular exosome and extracellular
organelle (Figure 3C). An additional analysis usthg curated KEGG database reveals a
highly significantly enrichment for the Complemeahd coagulation cascade pathway
(Supplementary Figure S5 and Table S5). Finallypedormed a ClueGO analysis using to
decipher functional connections between overreptegeontologies and determine those
with the most enriched terms. The results, showtrigure 3D, indicated that wounding
healing, inflammation and endopeptidase activityshhre a similar underlying functionally
connected network. Surprisingly, all other termsreveelatively unconnected, including
immune activation, apoptotic cell clearance, bloedsel development and catabolism. These
data highlight the variety and scope of pathwaalyito be the most responsive to radiation.
Validation of preliminary candidates in formalin-fixed tissue cohort

The current candidates were generated using fresterf tissue from a cohort of three
patients. However, the bulk of tissue in the RadBaohort is comprised of prospective
formalin-fixed paraffin-embedded material. It wéerefore imperative to demonstrate that
changes identified at the fresh tissue level aretaiaed in fixed tissues. To do this, we
isolated total protein from single 10um sectionsldéfs (1.37 mm inner diameter) FFPE
tissue core biopsies from two patients already yseal using fresh tissue (RB031 and
RBO038), plus five additional patients with similtgraracteristics (RB06, RB08, RB16, RB19
and RB20). These were processed and analysedimilargashion to fresh tissue analysis.
Despite likely degradation and irreversible modifions as a result of the fixation process,
we achieved excellent and consistent proteomic regeeof 5,152 + 178 proteins amongst
the 7 pairs of pre-treatment and post-radiatiosutis. In order to determine the robustness of

our protein purification and DIA quantification rhedd, we compared both the total protein



coverage and candidates identified using FFPEdisgth matching (RB031 and RB038)
fresh tissue counterparts. The results, shown pp®wmentary Figure S6, demonstrated that
between 87.7% and 95.7% of FFPE proteins werecplaatified in fresh tissue libraries, and
similarly that between 49.6% and 57.5% of the irdlial candidates were also shared. This
result highlights the capacity of our analysis pipeto reliably assess protein abundance in
FFPE tissues.

These data were then used to confirm the changd®id9 candidates generated in the first
phase of the study. The results, outlined in Tdbland illustrated in Figure 4A and B,
demonstrated that between 20.4 and 65.3% of theidates were confirmed in each of the
new FFPE patient pairs. We verified that the tgtadntified proteomic library size does not
influence the number of candidates validated, asvehin Supplementary Figure S7TAAR
0.000020). However, we did identify a correlati®f € 0.55) between validation success and
number of candidates from each patient (Supplemeiifigure S7B). In a parallel analysis,
we grouped pre- and post-radiation FFPE tissueslysed contemporaneously) in order to
identify statistically significant candidates tlmfly not necessarily exhibit large fold-changes
in all patients (Figure S1B). Using this merged lgsia, we identified a total of 464
statistically significant candidates which includ28/49 (51%) and 132/264 (50%) of the
candidates obtained by either patient-specific @mlmned replicate analysis in Phase |,
respectively (Figure 4 and Figure S1C).

This result highlighted that many candidates exHidowver fold-changes in fixed tissue and
thus escaped validation using stringent fold-chahgesholds. Analysing the enrichments in
biological process, molecular function and cell pamment ontologies from FFPE
candidates alone revealed that 67%, 63% and 90% sleared with those found in fresh

tissue analysis (Supplementary Figure S8).



The 49 candidates identified previously were thewuged into five classes based both the
proportion validated in each of the seven FFPEepapair analyses and statistical validation
from grouped analyses: (i) highest confidence Talpairs identified and S.V; statistical
validation) (ii) high confidence (S.V only), (iicnoderate confidence (6 patients only), (iv)
low confidence (1-5 patients) and (v) no confidefwe patients). Using these criteria, we
identified six candidates at the highest confidemeeluding Tenascin C, Fibrinogen Alpha,
Fibrinogen Beta, Fibrinogen Gamma, Fibronectin @i &omplement Factor B. Statistical
analysis revealed 19 additional proteins in thé lstatistical confidence category but did not
necessarily meet the strict fold change requiremfamtthe top category. Additional validated
proteins with increased abundance in this categmtyded Ferritin Light Chain, Keratin 15,
CD163, Ferredoxin Reductase, Cathepsin B and HLlassclll histocompatibility antigen
(DRa chain). Statistical analysis also validated forot@ins with decreased levels that were
not observed in the highest confidence categorgs@&hncluded Protein and Arginine-Rich
End Leucine Rich Repeat Protein, RAB27B, Prostatd Phosphotase and Ras GTPase-
Activating-like Protein IQGAP2. One additional peot, Lactotransferrin, was in the
moderate confidence category but exhibited divargetpression differences that were
dependent on the patient analysed — congruent waatobserved in fresh tissue. Only on
one occasion could a candidate, Complement C7baajuantified in an FFPE patient pair
(RB0O31) and two proteins, Stratifin and SarcoglyEaeita, were not validated in any of the
fixed tissues.

Sample type-specific variation was of interestdar investigation as we were interested in
the effect of fixation on protein identificationh@&refore, we compared matching fresh and
fixed samples collected concurrently from two patse(RB031 and RB038) and established

that 61.2% and 55.2% of the protein changes coalldi&éntified again. Importantly, only two



of these proteins exhibited disparate directiopdbtthe fresh tissue analysis (RB038; S100
Calcium binding protein A9 and Plastin 3).

Finally, we were interested in response of knowra R@arkers that are currently used in the
diagnosis and tracking of disease, shown in Supghany Figure S9. The results indicated
that PSA and FAS were almost universally downregdlao some degree in all patient
samples following radiation. However, AR, PSMA, hK&d IGF1 were either less consistent
or could not be identified, suggesting that changdbkeir abundance are patient-specific and
less likely to be strongly linked to radiation espee.

Discussion

Due to the difficulty in accessing matched pre- aondt-radiation human tumour tissue, the
bulk of research into radiation-induced proteonmhargyes and mechanisms of resistance of
human tumours has predominately focused on th@deatle detectible in human sera, urine,
animal models anth vitro model systems (for review see[3]). Unfortunatéhese types of
analyses cannot determine differences in locali¢isffects of radiation exposure, nor take
into account the contribution of the tumour micr@esnment. To the best of our knowledge,
our study represents the first analysis of proteochianges resulting from clinical radiation
monotherapyin situ. Our unique prospective tissue cohort permitteel discovery and
validation of numerous candidate proteins and paylswwhose abundance is consistently
perturbed following radiation.

Using fresh biopsy tissue collected immediatelyobefand two weeks following radiation,
we performed data-independent mass spectroscopglmsived proteomic profiles that were
far more indicative of patient source than radiatstate. Despite this, we identified a core
group of 49 proteins which exhibited differentiabfein abundances in all patients. We also
observed a predisposition for an increase, ratiem &@ decrease, in the abundance of these

proteins following radiation - potentially indiceéi of proteins expressed in infiltrative



immune cells or as part of scaffold repair. Iniadd to validating expression changes in
approximately half of the fresh tissue candidatas, DIA-MS pipeline also consistently
guantified >5,000 proteins from a relatively smathount of tissue. This was comparable
with our fresh tissue resource and improves upewipus analyses of fixed prostatic tissue
[17].

These FFPE analyses also produced a separate atend&t which enriched for the vast
majority of ontologies also observed in fresh tsssiandidates. This suggests that whilst
individual protein abundance changes may not nacg&® highly conserved, there is a high
degree of similarity between pathways that arerepeesented between sample types.
Nevertheless, a small group of five glycoproteinsjuding tenascin C, fibronectin and the
complete fibrinogen hexamer (consisting of subunjt§ andy) complex, also known as
factor I, were consistently more abundant and hadjteatest magnitude of change. We posit
that the increased abundance of these types oéipsots likely due to a combination of
wound-healing responses and increased productisnpgortive tissue during a regenerative
remodelling phase[18-20]. These observations wenegrtent with enriched ontologies
amongst the conserved protein changes. Many adrit@ogies that were enriched have well-
described roles in processes known to be pertuplgednising radiation, including cellular
defence[21, 22], innate immune activation[22] amtlation of the complement cascade[23].
Previously reported studies of circulating serunrkees of radiation in PCa in two different
laboratories have demonstrated the upregulatigrainflammatory and coagulation-related
proteins that were represented by similar paralogdhis study. Specifically, Complement
protein 6 and Apolipoprotein A2[24], or Apolipopeih A1[25] were upregulated following
either intensity-modulated RT or EBRT, respectivéijfe common identification of these

types of proteins in both the sera and tumour éissuirradiated patients sheds light on the



systemic effects of localised radiation and esaaipeells/molecules from the tumour bed
following RT.

Other proteins with significant differential abumdas have been previously determined to be
radiation-responsive (in some cases radio-protegtimcluding Ras GTPase-activating-like
protein IQGAP2[26], Lactotransferrin[27], Serpin nkily H Member 1/Hsp47[28] and
Ferrodoxin Reductase[29]. Statistical identificati@f radiation-response proteins also
recapitulated several putative protein driversadfiation resistance recently discoverednn
vitro models of prostate cancer [30]. These includedhietotonoyl-CoA carboxylase
subunit alpha NICCC1), 60 kDa heat shock proteiH®PD1), Alpha-2-HS-glycoprotein
(AHSG) and Histidine Triad Nucleotide Binding Protein (HINT1). These were not
identified as bona-fide candidates in our analgsis to the thresholds imposed. The absence
of many of these novel drivers is likely to be adarct of increased variability resulting from
the analysis of heterogeneous tissue sources.

Using a global view, we observed the enrichmentoofologies for humoral immune
activation, complement activation, leukocyte-mestiat immunity and blood vessel
development. Several pro-inflammatory and immunatee proteins with increased
abundance were also identified, including CD163th€asins, Myeloperoxidase, S100
Calcium Binding ProteingCalprotectins) and HLA class Il histocompatibileptigen DR
chain. These are strong indicators of macrophagenayeloid cell activation and function,
potentially resulting from RT-induced myeloid caffiltration [31]. Additionally, there was
an overrepresentation of proteins strongly linkegdrine protease activity - a well-described
functional element of the innate immune systemriwiry blood coagulation, inflammation,
apoptosis and tissue remodelling[32]. The indicatd increased proteolytic activity is also
highly relevant to the progression of numerous gmancies, including that of prostate

cancer [33, 34]. These results are also consistghtthe observation that the candidates are



most highly expressed in the extracellular spacatching the majority of the putative
ontological functions. Overall, this is consistemith the known features of new tissue
deposition and remodelling as relatively late d@feof RT on tumour and supportive
tissue[35].

The primary aims of this pilot study were to retalgite the known radiation response
context and define the most perturbed pathwaygjusmunbiased proteomic approach. We
utilised recently established technologies thabkn&esh tissue comparisons for proteomic
discovery and follow-up validation in fixed tiss{@8]. A limitation of this study was
highlighted by the inability to validate many ofethexpression changes of numerous
candidates in fixed tissues; even those sourced thee same patient simultaneously at the
time of biopsy. This is likely a result of a comaiion of known issues regarding the
heterogeneity of PCa tissue, limitations on remkdi®psy accuracy and complications
inherent to the fixation procedure that can resutt20% of proteins being inaccessible to
detection[36]. At present, limited emphasis shobkl placed on the individual proteins
identified and instead constrained to pathways repeesented. An additional caveat is that
our study was not designed to identify proteinst teehibit highly variable expression
patterns and are potentially the most useful asar&ers. This highlights the need for further
research with additional patients that will increéise statistical confidence in candidates and
power to identify biomarkers. The need for addidloprognostic and predictive markers of
PCa RT responses is also highlighted here by thensistency of selected previously
reported PCa biomarkers such as PSMA and andregsptor expression. Although PSA
and FAS demonstrated the potential for utility,seevill require further work to establish if
they are adaptable to the context of radiationajner

A final unexplored question for radiobiology resgain PCa is the contribution of normal

adjacent tissue, tumour-cell responses and irtfitigacell/serum responses to the overall



tissue response. Our pilot data represents a Maluabource for the identification of core
mechanisms integral to the radiation response tf B&€a and surrounding tissue, but may
also have value in future studies aimed at diffeaéing the spectra of therapeutic responses
observed clinically. However, our study is currgnlimited by the lack of therapeutic
response and patient outcome data, which is sileml years from maturation, and is
required to detect differential radioresponsesaigph with specific proteomic alterations.
Identifying tumour-specific radiation-responsivet@ins and thus also determining potential
targets will be critical for developing targete@tapies that enhance radiation-induced death,
specifically in tumour cells.

Here, we have presented a proteomic analysis athedtprospective human PCa tissue in
response to therapeutic radiation. We observed Rt tissue undergoes a detectible and
conserved proteomic response to RT — supportingnitiel hypothesis. This contributed to
the increased expression of several known radigsponsive pathways; including wound
healing, immune activation and extracellular matremodelling. Determining if subtle
variations in the dynamics and expression of thmeeeins and pathways predict for cancer
recurrence following radiation will be the subjext further investigation. Pertinently, our
study has established that proteomic analyses tsiad PCa tissue faithfully reflect those
observed for fresh tissue, presenting an oppoxtuaiconfidently screen a large number of
patients at a relatively low cost. Gathering a ikdaunderstanding of the spectrum of
proteomic responses to radiation, and assessing thege might be useful in targeted
therapeutic approaches, is designed to increasatiirsuccess from frontline radiation

treatments.
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Figure legends

Figure 1. Proteomic analysis of pre- and radiation-treated human prostate tissue and
sample cluster characteristics. (A) Study design outlining workflow for phase | (ster
analysis and candidate identification in threegudt) and phase Il (ontological analyses and
candidate validation). Cluster analyses of indiaidBre- and Post-radiation samples using
(B) Hierarchical clustering analysis and (C) twoadnsional principal component analysis of
normalised protein quantification level’. pre-treatment;R: post-radiation.

Figure 2: Identification of conserved proteomic changesin responseto radiation in fresh
human prostate cancer tissue. Venn analysis of all significant candidate proteimseach
patient with (A) exclusion and (B) inclusion of séd directionality criteria. (C) Stacked log



fold changes for all 49 candidates in each patienteased>1.5-fold; decreased: 1.5-fold.
Black dots indicate 27 high confidence proteingwihiform directional changes.

Figure 3: Ontological analyses of proteins exhibiting differential abundance following
HDRBT. Ontological classes from gene ontology consortidatabase include: (A)
biological processes, (B) molecular functions a@) €ell compartment. (D) ClueGO /
Cytoscape analysis of protein candidates with el on the basis of shared ontology
groups.

Figure 4. Validation of 49 high-confidence radioresponsive proteins in extended cohort

of formalin-fixed paraffin-embedded samples. (A) Mass spectrometric analysis of protein
extracted from FFPE biopsies from seven additigmatients and illustration of shared
abundance changes. Dotted line indicates combirfg@EFanalysis of six patients. (B)
Number of total protein identifications in each ipat pair and proportional number of
candidates identified and percentage validatiod3protein candidate list. S.V statistically
verified, n.s; not significant

Table 1. Serum PSA, Gleason, T-stage and age characte$tocdort

. Serum PSA Gleason Adjuvant
Patient ID Sampletype(s) (ng/ml) Grade T-stage Age therapy
Fresh and -
RB031 9.3 3 1c 68
FFPE
Fresh and ADT
RB038 11.3 3 2c 70
FFPE
RB045 Fresh 5.3 2 1c 49 -
RBO06 FFPE 11.2 3 3a 67 -
RBO008 FFPE 4.4 2 2a 73 -
RB016 FFPE 7.5 2 1c 57 -
RB019 FFPE 80 3 1c 60 ADT
RB020 FFPE 7.4 2 2b 71 -

FFPE: formalin-fixed paraffin-embedded, PSA: prtstspecific antigen, ADT:

androgen-deprivation therapy

Table 2 Observed fold changes of 27 conserved proteomiegesain response to radiation



Fold-change

Gene Protein Product Function/Class 031 038 045 A;éee’r

FTL Ferritin Light Chain Iron storage macromolecule 4.63 6.15 27.90 12.89

TNC Tenascin C Secreted glycoprotein 5.07 18.41 3.29 8.92

KRT15 Keratin 15 Type | cytokeratin 20.86 3.34 181 8.67

FGB Fibrinogen Beta Chain  Secreted glycoprotein 3.59 1396 3.72 7.09

FGG Fibrinogen Gamma Secreted glycoprotein 3.60 10.61 2.82 5.68
Chain

FN1 Fibronectin 1 Secreted glycoprotein 280 936 171 4.62

FGA Fibrinogen Alpha Chain Secreted glycoprotein 277 896 196 4.56

CD163 CD163 Molecule Receptor 3.11 392 483 3.95

PLD3 Phospholipase D Family Enzyme 223 188 560 324
Member 3

FTH1 Ferritin Heavy Chain 1 Iron storage macromolecule 2.23 1.52 5.25 3.00

FDXR Ferredoxin Reductase = Enzyme 261 3.26 311 299

CFB Complement Factor B Complement protein 547 155 156 2.86

HLA-DRA Major Histocompatibility Receptor 362 166 217 248
Complex, Class Il, DR
Alpha

TYMP Thymidine Enzyme 341 156 248 248
Phosphorylase

SFN Stratifin 14-3-3 protein 173 296 254 241

APOA4 Apolipoprotein A4 Glycoprotein precursor 3.46 158 214 240

CTSB Cathepsin B Lysosomal cysteine protease2.00 2.20 2.97 2.39

COL7A1  Collagen Type VIl Alpha Structural protein 281 181 220 228
1 Chain

MVP Major Vault Protein Vault complex 283 232 152 222

FERMT3  Fermitin Family Member Kindlin family protein 232 212 209 218
3

CTSD Cathepsin D Lysosomal aspartyl protease 1.53 2.58 2.41 2.17

SERPINH  Serpin Family H Member Serine protease inhibitor 1.77 293 173 214

1 1

G6PD Glucose-6-Phosphate Enzyme 188 160 162 1.70
Dehydrogenase

GPX1 Glutathione Peroxidase 1Enzyme 160 153 165 1.59

ACLY ATP Citrate Lyase Enzyme -1.83 -1.56 -1.53 -1.64

ACAT1 Acetyl-CoA Enzyme -2.69 -2.15 -1.90 -2.25
Acetyltransferase 1

|QGAP2 IQ Motif Containing Enzyme -1.89 -2.83 -2.07 -2.26

GTPase Activating
Protein 2




Table 3: Protein coverage in biopsy pairs and candidatel@adin using fixed PCa tissue

Candidates Validation
. Total number of Number of 0 Number 0
Patient oroteinsquantified  candidates  °  validated
Fresh tissue
RB031 6239 1086 17.4 - -
RB038 5109 376 7.4 - -
RB045 5630 182 3.2 - -
Shared 4665 - - -
FFPE tissue
RB031 4924 693 14.1 30 61.2
RB038 5087 262 5.2 27 55.1
RB06 5215 360 6.9 20 40.8
RBO8 5004 101 2.0 13 26.5
RB0O16 5402 366 6.8 32 65.3
RB019 5353 325 6.1 30 61.2
RB020 5077 63 1.2 10 20.4
Shared 3974 - - - -
Fresh/FFPE 3706 i i i i

Overlap
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