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Abstract

Prostate cancer (PCa) cells secrete extracellular vesicles ffiE&¥exhibit many disease
promoting functionsThe mechanism#volved inEV generationhoweveryemain to be
fully elucidated. We aimed to identify mechanistic factors responsible for the regulation of

EV secretionn PCacells.

Candidates with a putative role in E)éneratiorwere selected based on a comprehensive
database and literature interrogatititentified candidates includégiab6a, Rab7a, Rabl1lb,
Rab27b, Rab35, Rab37, CHMP4C, VPS28, CD81, CD9, SCAMP3, SIMPLE, Sy#taxin
SNAP23, VAMP3, Piccolo and Synaptogy2nall had some previous association with
vesicle regulation but have not been comparatively tested in a Bi6gimodel. A shRNA-
based approach was successfully utilised to attenuate gene expression(@# @yt
candidatesNanoparticle tracking analysis revealed that the target attenuations did not induce
major changes in EV size nor number secrdiadhuncaffinity analysis showed that
knockdown of CD9, CD81, CHMP4C ai®ynaptogyrinr2 had the biggest impact on vesicle
tetraspanin expression. RN#equencing analysis revealed a candidate specific impact on
varioustranscriptswith implicationson stem cellike status (CD9), RNA processing (CD81),
cell division (CHMP4C) and virus processirfgyfiaptogyrir2). Furtrermore, most
manipulations induced changes in the dystsomal pathway, consistent with our
expectation in regulation of endosomatlgrived EVs.

We explored the impact of modification of EV secretory processes on EV function and
demonstrated th&Vs fromknockdowncells exhibited a reduced capacity to modulate the
secretome of recipient fibroblasi&/e also observed differenceskimckdownEV-mediated
phosphorylation of severatllular targetsindicating aknockdowndepenént qualitatively

distinctive fibroblast response to the EVs.

The study has demonstrated some of the challenges in targeting global EV production
pathways and hence this is also likely to be difficult in a therapeutic setting. Nonetheless,
introducing subtle changes to the EV phenotype, rather than attenuatirigMa@tretion,

confer downstream functional impacts that may be therapeutically exploited.
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Chapter 1.

Introductio n



1.1 Prostate cancer

The healthy prostate is a walrgized gland that is located below the bladder surrounding the
urethra.Malignant growth of the prostaposesa global burden on patients, families, healthcare
systems and economi@sigure 1.1)In 2022, 14.2% of the10.3million cancer cases in men
areestimatedo beattributed to Prostate cancer (PGagking it thesecond most common
diagnosed malignandttps://gco.iarc.fr, 2024PCa isalso associated with tH" highest

death rate (6.7%https://gco.iarc.fr, 2024)n theUnited Kingdom UK), morethan 50000

newly diagnosed casescureach yeafcancerresearchuk.orgjonsequentlyt in 8 men will

get PCa within their lifetimeThe underlying mechanisms that promote the development of the
disease are still unclear and a combinatibmicrobiome socioeconomic, lifestyle and
environmental factors could contribute to establishment of the maligiiRebgllo et al.,

2021) In particular, theisk of PCa increases sharply with progressagg(Rawla, 2019)
Furthermoregenetic factors also appear as a major contributor to an increased risk of PCa
suggested by aglevatedncidence in men with a family history of PQducci et al., 2016,

Johns and Houlston, 2003y addition to this1 in 4 Black men wilbe diagnosed with PCa

(cancerresearchuk.org)nderscoringhe increased risk of men of African desc@gizamere et

al., 2022)

In England, lhe life expectancy of men with localised PCa with organ confined malignant
growth is high with up t&%% surviving5 years after the initial diagnosis
(crukcancerintelligence.shinyapps.io/CancerStatsDatgHdbivever, men that present with
metastatic diseadeve a sharply reduced life expectancy and 68% survive 5 years after
the dsease diagnosisr(dcancerintelligence.shinyapps.io/EarlyDiagngsiEhis points to an
urgent clinicalneed tamproveearly identification othose patienterho are at risk of
progressing to theetastaticstage This will hopefully allow targeted clinical intervention for
these patients, therefopeevening disease progression, whilst also avoidimypecessary

treatment of patients who will not benefit from therapy.
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Figure 1.1: PCa is a major global health burden.

Numbers were adjusted to world standaoghulation &ge standardised ratesSR), to
accommodate the differences in age distribution in different regionsgétandardised
incidence of PCa per 100,000 in 202&rk blue indicates regions with a high PCa mortality.

B) Age standardised mortality rate per 100,000 in 2022k red indicates regions with a high
mortality rate. Grey indicates regions for which no data was obtained. Graphs retrieved from
the Global Cancer Observatqittps://gco.iarc.fr, 2024)



1.2 PCa diagnostics

PCa can causerange obymptomse.g, erectile dysfunction, blood in urine (haematuria),
changes in the urination (frequency, urgency, retentide)riel et al., 2018)or indeed there
may be no urinaryelated symptomatic presentation at all, and cassgentified by
incidentalprostate specific antiggPSA) checks at primary care for example after reporting
bony painIn the event of symptoms, primary camctitioneramayinvestigate potential PCa
by running thePSA levels ana@ dgital rectal examinationd{RE), both of which can be

inconclusive for a variety of reasons

The luminal cells of the prostate produce and release various factoRSAghat contribute to

the composition of the seminal flu{itmann, 2018)In patients with suspected PCa, PSA

levels are clinically assessed and compared to an age dependant reference value, set by the
National Institute for HealtandCareExcellence(NICE), to guide furtheclinical decisions

For instance, in the age group-49 PSA level of >2.5ug/l warrant additional clinical
assessment, whereas this is only required at higher levelgeg/bib the age group 709.
However, relyingsolelyonthe PSAmeasurement is insufficient to providelaarPCa

diagnosis becaussher pathological conditions e.g., prostattigl benign prostatic
hyperplasialsoinduce high PSA levels. Furthermore, in sosegereéPCa cases PSA levels
mayremain belowthe age specific threshold, although the undeglynechanism#r PSA

low PCaare currently unknow(irhompson et al., 2004, Fankhauser et al., 2023)

Another clinical diagnostic tool is DRE, which is used to determine changes of the prostate by
palpation. This method has lower sensitivity compared to the assessment of PSA levels. A
combination of the assessment of PSA level and DRE has a higher vahgidating

suspicion of cancer compared to either technique alone. Nevertheless, the detection of false
positiveswith these methodgads to over intervention revealing an unmet clinical need for

moreprecise diagnostic too(€atalona et al., 2017)

Based orsuspiciougesults from the DRE and PSA teshdunder consideration afther risk

factors for increased incidenoéPCa (Black AfricarCaribbearfamily backgroundolder age,
4



comorbidities, family history of PCar history of other canceighe doctor andhe patient
might decide to proceed to amltiparametricnagnetic resonance imagi@gRI). Although
there continue to be advances in these imaging modalities and their subsequent clinical
assessmenthe MRI is again often inconclusive.

1.2.1 Multiparametric magnetic resonance imagingas a PCa diagnostic tool

An expert paneldrmedby members of thAmerican College of Radiology, European Society
of Urogenital Radiology (ESUR), and AdMeTech Foundation develtdperostate Imaging
Reporting and Data System {RADS) which aids in stratifying PCa patienfSurkbey et al.,
2019, Greer et al., 20173 specific MRI imaging sequence is used to rewespicious
radiographic appearancisthe tissueSubsequently hie radiologist inspects the images for
cancer indicating features e.geter@enous appearance mbdules and signal intensity, and
assigs a risk scorewhichpredicts the probability of the occurrence of clinically significant
cancer between RRAD 1 (unlikely) and PYRADS5 (highly likely).

MRI imagescontain critical informatiormbout the tumour localisatiand extetof tissue
infiltration (restricton to the prostatglandor expasionbeyond the glandand thus this
information can be exploited for image guided interventions tesgue biopsyMRI imaging
can alsglay a vital role inreducingovertreating patients with suspected PUze

PRECISION studypatient cohor600) showed thatraMRI scan reduces the number of
unnecessary biopsies performed on clinicadgignificantPCa(Kasivisvanathan et al., 2018)
This is an important finding considering that obtaining tissue specimen vi&rangrectal
ultrasoundguided TRUS) biopsy(Allen and Embry, 1991 accompanied by potential risks
e.g, infection(Nam et al., 2010Hence it is of interest to reduce the number of biopsies

especiallyin vulnerable patients.

Currently (2024), there is no national (UK) screening for PCa as the available tools, outlined
above, do not provide a clear benefit for the patient when used in a population wide approach.
A recently announced trighe TRANSFORM trial,aims to assess screening tools for a
population wide testing including MRI and other not yet announced tools

(gov.uk/government/news/bigggstostatecancerscreeningfrial-in-decadego-startin-uk)


https://www.gov.uk/government/news/biggest-prostate-cancer-screening-trial-in-decades-to-start-in-uk

1.3 Biopsy of suspected PCa samples

In cases where a biopsy is requireddalefinitive diagnosis, the obtained samples are subject
to histopathological examination lypathologistThe Gleason Score (G8)used to classify

the disease grade, and hence the severity of cabhnermality basedn tissue growth patterns
(Figure 12). To calculate the GS, the pathologist inspects the tissue and aStgsen

patterns based on the deteateorphology feature®Briefly, Gleasorpatternl and Zare
currentlynot in usebecause in low grade disease it is difficult to differentiate PCa from other
benign proliferations due to similar histopathological features, e.g., small glands in benign
proliferations(Egevad et al., 2020%leason pattern 3 is assignedissue sections wittvell-
formed glandsGleason pattern ¥ used to characterise tissue witlegular masses witit -
defined glandswhich can present in the critorm and/or fusedjlands The cribriform
morphology is identified as a sielike epithelial sheet morphology and a lack of intervening
vasculature or stroma or mucin, yet often exhibiting a boundary of abnormal sBamples
with a Gleason pattern $how adisrupted tissue architectutbat ischaracterised by the

absence of clearly defined gland structyigsstein, 2018)

There is ongoing interest in assigning a more detailed assessment of structural features, as some
of these secalled subpathologies of PCa are significant for risk prediction and hence the
likelihood for development of metastatic disease. Of specificastés the cribriform

morphology, a type of grade 4 morphology. Some forms of Gleason pattern 4 lesions, lacking
this morphology may carrgsimilar risk as Gleason pattern 3 tissue, whilst large cribriform
lesions may be equivalent to Gleason pattein &grms of overall survival. However, more

studies assessing the occurrence of cribriform and othgrathblogies in large patient cohorts
arerequired before this could be potentially exploited for diagnostic or prognostic purposes
(Gordetsky et al., 2022Nonetheless, pathology reports in the UK are beginning to be

annotated with this added information to help in clinical decision making, although there can be
discordance amongst pathologists in both recognising some of thegatBologies, and their

true value in risk predictioficzkowski et al., 2021)
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Figure 1.2: Histological features of Gleason pattern (grades) 3, 4 and 5

Based on histopathological features of the prinpaostateumour the severity of the disease is
assessed using ti&easonscoring system. For this purpose, Gleason patterns are identified
and the addition of the two most common patterns provides the final Glsam@Gleason
pattern 3s characterised bylands of varying size in 1 sectidBleason pattern ¥ indicated

by increasedeterogeneityf the gland architecturgvith poorly defined glandand the
occurrence of theribriform, fused glandssheets, glomeruloidé€nal glomerulus like
morphology with intraluminal cribriform outgrowthGleason pattern $hows aseverely
disrupted poorly differentiatedissue architecturd he glands are ilflefined,and cells form

solid nests or occur as single ceFsgure showsaematoxylin and eosin stainirfgigure taken

from (Lawson et al., 2019)

For thecalculation of the5S, numerically adding thevo most commormpatternsn the tissue
samples provides the GOng et al., 2020)For instance, the predominant observation of the
most common growth pattern 3 and the second nwsmonpatternd provides a finaGS of 7
(3 +4 =7). Another example where the principatternis 4 and the second most common
grade is 3, provides a score of 7 (4+3). This laisese however, exhibits a higher proportion
of the tissue ohigh-gradelesions, anadonsequentlyt would be consideredhore likelyto be

canceroushan theGS7 (3+4) comparator. In addition, tissue which is principallpaitern3,
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and henc&S6 (3+3) is currently considered as not clinicalignificant andvould be unlikely
in itself to warrant active treatment.

Because of the oddities of these scores, and the confusion it creates for patients, the grade
group systenfGrade 15) was developed by Pierorazb al to depict histological severity in a
simplified and clearer fashidiierorazio et al., 2013jable 1.1) The grade groups dividéS

6 and higher into 5 Gradgoups:Grade 1 (GS3+3=6), Grade 2 (GS 3+4=7), Grade 3
(GS4+3=7), Grade 4 (GS4+4=8), Grade 5 (GS4+5, GS5+4, GSbh&)proposed system was
validated in a study cohort with more thanID men(Epstein et al., 2016, Pierorazio et al.,
2013)

Table 1.1: PCaGrade groups and their clinical features

Grade (GS) Glands Differentiation Benign or

malignant
Gradel (GS <6) Small Good Benign
Grade2 (GS 3+4) Increased stroma Good/moderate Benign
Grade3 (GS 4+3) Poorly defined Moderate Malignant
Grade4d (GS 4+3 Poorly defined Poor Malignant
Gradeb (GS4+5, Disrupted tissue Poor Malignant
GS5+4 or GS 5+5) | architecture

Another importanstandardisedssessmertbol is thetumour nodemetastasisTNM) staging
system, whichs used to assess the severity of the diseased on anatomical criterif
describes the degree of tissue infiltration and the exfethe dissemination of the cancer
(tablel.2). N denotes whether the malignancy has spread to nearby lymph nodes and M

characterises metastatic spread to distant ongawmud et al., 2020)



Table 12: TNM staging system for PCa Table based on thguidelines provided by the
European association of urologyttps://uroweb.org/guidelines/prostate
cancer/chapter/classificatiaand-stagingsystems#note_103

Group Characterised by

Tla Clinically not suspicious, at palpableduring DRE, @ncerous cells are foung
in less than 5% in a tissue sample obtained by biopsy

T1b Clinically not suspicious, not palpable during DRE&ncerous cells are foung
in more than 5% in a tissue sample obtained by biopsy

Tlc Clinically not suspicious, not palpable during DR&ncerous cellare found
by biopsy

T2 Cancerous tissue completely enclosed by the prostate gahpalpable
during DRE

T3a Cancerous cells have spread beyond the capsule of the prostate gland

T3b Cancerous cells have invaded into the seminal tubes

T4 Metastatic spreading of the disease

NO Lymph nodes in close proximity to the tumour are free of metastasis

N1 Lymph nodes in close proximity to the tumour have metastasis

MO No metastatic spread of the neoplastic cells to distant sides

M1 Metastatic spread of the neoplastic cells to distant sides

1.3.1 Current guidelines in the UK

Theabovementionedools (staging, PSA levels, GS/Gradeoupd have been used as

individual parameters to stratify patien@&nanapragasam et abmbinedthis informationin

one novel grading systerie CambridgePrognosticGroup (CPG) which is basedn the

clinical data of 1000 men(Gnanapragasam et al., 20{8able1.3). The grading system aids

in predictingthe mortality rates and providessamplified categorising comparead utilising

each parameter separately and is currently the standard practice recommexitied toaid
patientstratification(NICE, 2021)


https://uroweb.org/guidelines/prostate-cancer/chapter/classification-and-staging-systems#note_103
https://uroweb.org/guidelines/prostate-cancer/chapter/classification-and-staging-systems#note_103

Table 1.3: CPGstable from (Gnanapragasam et al., 2018)

CPGs Features
1 GS 6 and PSA < 10 ng/mhdstages T2
2 GS 3+4=7
Or PSA 1020 ng/mlandstages T4T2
3 GS 3+4=7andPSA 10620 ng/mlandstages TI2
Or
GS 4+3=7andstages T4T2
4 One of GS&r PSA > 20 ng/mbr stage T3
5 Any combination of GS8, PSA >20 ng/ml or stage T3
Or
GS 910
Or
Stage T4

Alternate diagnostic tools

Recently, there have also been a number of other diagnostic tools developed that are used for
risk stratification (reviewed ifrujita and Nonomura, 2018for instance, the ExoDx Prostate
detects three genes (PCA3, ERG and SPDEF) in urinary extracellular vés\dgssmall

lipid encapsulated vesicles, in urinary samples. There are also genomic tests such as Decipher,
Genomic Prostate Score and Prolaris with limited benefits in directing patient management as
reviewed(Boyer et al., 2023)Certainly,thesetestshold potential to aid situations of

uncertainty in patients of intermediate histological riskade group 2 and 3), however they

are not used within the UK NHS system, as their added value, in terms of cost:benefit ratio, has

not yet been universally accepted

1.4 Treatment

The individual treatment pldior the patientlepends on the severity of the disease, which is

judged by the abovmentioned methods, the estimated éfgectang, and comorbidities.
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Potential side effects of each treatment option also play a vital role in the dieasion
making process.

In the UK, NICErecommends usinthe CPGto considertreatment option@NICE, 2021) The
guidelines sugges$or patients with CPGB active surveillance, which means the status of the
disease is regularly assessed but no interventions are taken at thithstageyoradical
prostatectomy or radical radiotherapy. For patients with C&t@% active surveillance is not
recommendedand patient should be offered radical treatment. In addition to this, the NICE
guidelines recommend for the patients in risk groups C®@?combine radical radiotherapy
with androgen deprivation therapy (AQ when the patients are undergoing long term

treatmentThe different therapies are outlined in more detail below.

Surgical removal of the prostate (prostatectomy) is standard of care for a subset of patients in
good health with locally confined, nanetastatic PCayhere there is evidence of worsening
symptoms or from clinical imaging indicating a greater likelihood of epitostatic spread.

Surgery leads to a sharp decrease in PSA levels, and is hopefully curative in most cases, alas
resulting in some significamnprovement irguality-of-life issues such as incontinence and/or
impotence. After surgery, the progressiof the disease can be monitored by measuring PSA

and in this setting, PSA is indeed considered as a valuable caoc#oringmarker, as it is

rare to see recurrence without what is refer

this, treatments, such as ADT or chemotherapy, are adminigi@eddhoacha et al., 2022)

1.4.1 Radiotherapy

Radiotherapys atreatment optiothat should be considered foatientswith a low metastatic
burdenat risk of pelvic lymph node metasta@dlCE, 2021) High energy Xrays induce DNA
damage in the cancerous cells which ultimately lead to cell death and the shrinkage of the
tumour. There arethreemethods availabléhat exploit the cancer cell destroying function of

radiation externalbeam, brachiherapy andradionuclidetherapy

Traditional radiotherapy utilises external beam photons. A radiation pteaparedand

image guidedadiotherapynclude, threadimensional conformahdio therapy3D-CRT) and

11



intensity modulated radiotherafiMRT). Software assiste@ precise beam is directed at the
PCa, with the highest dose directed at the malignant tissue lamger dose at the margins
resulting in a limited damaging impact of the radiation of the surrounding fissgeet al.,
1996)

Another radiotherapy option iaternalbrachytherapywhich involvesthe placement of a
radioactive seed in thtemour orat the metastatiside The seeds can be a low dose rate (LDR)
and a&e permanently placed at the targeted site or canhighadose ratéHDR), which

requires repeated temporary treatm@&amran and Zietman, 2021)

Administration of radionucleotidds a recent technique that is gaining more attention. Target
specific radioactive nucleotides are administered to the patient. Currently, Lufigtium
ProstateSpecific MembraneAntigen (PSMA), a radionucleotidas usedor treatmenbf PCa

This ishowever only recommended for eraf-life care according to NICE guideline&nother
example iRRadium223 which can be administered in cases of PCa with bone metastasis
(Czerwinska et al., 2020Al1 of the radiotherapeutic treatments can be accompanied by severe
side effects including, but not limited to urogenital and bowel prob(&fake et al., 2021)
Thereforeit is crucial to only select this option when required and the side effects are tolerable
by the patien{NICE, 2021)

Active surveillance, radical prostatectomy and radiotherapy have been the first line of treatment
for decades. ThBrotecT trial aimed to compare the clinical benefits of these strategies in a
patient cohort of,,643and found dess than 1% PCa associated deathI@tgears after an

initial diagnosigHamdy et al., 2016 However, increased occurrencenoétastasign patients

under active surveillanc&%) compared to radiotherapy and radigadstatectomyboth 3%

occurred These findings support the useaative surveillancandpoints tothe requirement of

better diagnostic tools to identify the patients that imaidvertentlydevelopmetastasi# left
untreatedor rather tests that are more sensitive to detect metastasis are needed during

diagnostic investigations

12



1.4.2 Androgen deprivation therapy

Androgen receptorglay an important roldor instance, in the development of the prostate
gland under physiologicaonditions and are considered a major driver of the progression of
PCa.The binding of thixytosolic receptorto itsligand e.g, testosterone, triggers the
translocabn of thereceptorto the nucleuswhere itexertsits main function as a transcription
factor (reviewed inDesai et al., 202Rebello et al., 2021, Chan and Dehm, 20&4yen the
critical role of theandrogen reeptorand its signalling pathways the pathogenesis and
progressiorof PCa several drugs have been developed to target androgens terrdayAD
targeting the androgen receptor directly, ,emith Enzalutamideor by targeting an enzyme,

e.g, CYP17A1, that converts the androgen precursor pregnenolone to Dehydroepiandrosterone
(DHEA) (Desai et al., 2021 )An alternative to this biochemical castration is surgical castration,
but this has long since been discontinued due to the unacceptable nature of the surgery for
patients. Unfortunately, all patients that are initially castration sensitive developmesisd

the treatment over an 134-month period, and hence a change in the treatment plan is

required.

Previously, it was thought that therapy resistance was due to a developed resistance to
androgen. However, recent research indicates that androgen dependant pathways are
reactivated in the tissue by increased expression of the androgen re@repieveed inRebello

et al., 2021, Chan and Dehm, 20&a4d consequently leading to metastatic diseases in a subset

of patients.

1.4.3 Docetaxd

ThePCatreatment landscape is dynamic and continually evolviihgre is a range of

chemot herapeutic treatment for PCa patients
clinical parameters (age, health, genetics) and disease statukfalgsation)(Gillessen et al.,

2020) Docetaxel, an apoptosis induciagtineoplastic ageriPienta, 2001)is considered for

patients (without major comorbidities) with locally confined, high risk PCelinical trial

showed Docetaxel slows the progression of the disease in this subset of PCa(fatieeget

al., 2016) Furthermore, Docetaxel in combination wiRtednisone has been the most widely

13



used therapy shown to increase survival rates and improve quality (@difeock et al.,
2004)

If the disease progresses to the metastatic state only limited treatment options are available.
Current NICE recommendationscommendonsideringsurgical removal of the testis
combination withDocetaxel treatmerfiNICE, 2021) Furthermore,ite CHAARTED trial
showedthatcompared to ADT monotheraplyeatment withDocetaxelwhen administered in
combination with ADTin PCa with metastatic disease increased the overall survivdiyrate

13.6 monthand the progression free surviisl 8.5 montls (Sweeney et al., 2015)

Despite these available treatment optjd?Sa at the metastatic stage is currently not curable,
and the lifespan is difficult to predict. New therapies are urgently needed, perhaps targeting
pathways that are independent of the androgercaxisl offer novel routes to help address the

current intractability of castrate resistant PCa.

1.5 The tumour microenvironment

The occurrence of PCa is accompanied by dramatic changes in the tissue architecture of the
prostate antheseare associatedith the severity aggressiveness the diseaselhe tumour
microenvironment (ME) has been shown to play a role in this process by promoting the
growth of the malignant tissyelanahan and Weinberg, 201The TME contains acellular
componergsuch as the extracellular matrix (ECM) and various cell tgpgsendothelial cells
and fibroblastgreviewed inChen et al., 2021b)

The stromawhich formspart of the TME andincludes noAimmune cells, structural
components and other celis increasingly considered to be a major contributor to the
development and progression of P@asmallstudyin 50 PCa patients who underwent radical
prostatectomyindicated thatincreased ratios of stronta epitheliatissue judged by
immunohistochemistryiHC) staining of Vimentinwas correlated with reduced disease free

survival rategTomas et al., 2010)n a largerstudy, evaluatingpiospecimensf 845
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participantsjncreasegercentage fostromal tissuén the resected tumour sectiomas
correlated withincreasedccurrence of a relapse of tiseas€Ayala et al., 2011)

Furthemore the frequency of smooth muscle cells in the stroma is reduced in malignant
prostate tissuand replaced by fibroblasFaboga et al., 2008, Yang et al., 2017, Tuxhorn et
al., 2002) This indicates an important role of fibroblasis rather canceassociatedibroblasts
(CAFs), in supporting neoplastic cells.

1.5.1 Cancer-associated fibroblasts

Indeed,CAFsfound in the TMEplay a critical role in reorganising the stromarnbatrix
turnover/depositiomand release of a range of bioactive facttrd?Ca thepivotal roles of CAFs
havebeen describeldy several studieavies et al., 2003, Olumi et al., 1999, Ishii et al.,
2018, Cheteh et al., 2020, Gong et al., 20C¥)culturing CAFs with normal prostate
epithelialcellsthat underwent the initial steps of epithelial mesenchymal transition (EMT)
initiated tumorigenesis boih vitro and in a mouse modelAFsassisted in the generation of
very large and well vascularised xenograftgportantly, fibroblastssolated from benign
hyperplastic prostatefailed to do spwhere the tumour mass was barely palp&blemi et

al., 1999) Despite indications of the importance of the reciprocal communication between
cancer cells and CAFs fdecadegOlumi et al., 1999)the underlying mechanisms are only
beginning to be uncovered, perhaps, due the-amnthintertissue complexity of CAF

heterogeneity.

There is mounting evidence that CAFs play a significant role in PCa treatment resiStance.

et al suggested androgen deprivation induces tumour promoting paracrine signalling in CAFs
and thus might contribute to the development of ADT resist@icmi et al., 2018)

Suppression oindrogen receptaigralling in these CAFs elicited elevated secretiolCat

motif ligand 2(CCL2) and CXCL8, which in turn promoted the migration of PCa éeligtro.

The research was conducted with CAFs from a small number of PCa patients and thus requires
validation inalarger patient cohortt was also suggested that CAFs confer resistance to
Enzalutamide in PCa cells when co cultunegldiated by thactivaion of the Akt signalling

pathway The study howeverdid not delineate the molecular mechanisms in more dEiddr

et al., 2016)Kato et alexplored the underlying causes of Enzalutamide resistance in more

depth(Kato et al., 2019)The study proposed that combiniABT with targeting stromal cells
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is superior to either treatment alofde authors showed that ADT treatment upregulated
Endoglin(CD105 expression in CAFs, which lead to secretiosaufreted frizzled related
protein 1 (SFPR1). Tiasignalling molecule induckthe neuroendocrine differentiation in PCa
cells via paracrine signallimgndwas shown in a 3D CWR22Ruyfiouse fibroblast co culture
model andsubsequentlyalidated in a mouse model, where the treatment combination of
Enzalutamide and a CD105 inhibitor reduced the tumour buiKiato et al., 2019)

1.5.2 Markers for CAFs

Various markers for CAFs have been proposed such as fibroblast activating protein (FAP)
al pha s moot h-SvA) andVimentia(Tukhiorn et &l..22002However, these
proteins are only expressed in a subset of CAFs and consequentlyjdaittity all CAF
subpopulations in a tissi€hen et al., 2021bA consensus statement from 20@npiled by
CAF expertgSahai et al., 202@escribedhe difficulty in defininga nomenclature for CAFs
and suggestssinga combination o&functional description and cell surface markers to

describethe complexities o€CAF subpopulations.

1.5.3 CAFsin PCa

Different studies have aimed to delineate the CAF subpopulations intRiising flow
cytometryZhao et alidentified CD90 high and CD90 low expressi@§F subpopulations in
samples isolated from PCa patients (no clinical parameters providedjesearchers found
high CD90 expressiowas correlated witincreased expression of theemokines L6,

Vascular Endothelial GrowtRactorA (VEGFA), fibroblast growth factor 2HGF2, andC-X-

C motif chemokine ligand 1@CXCL12) (Zhao and Peehl, 2009\ CD90 high expressing

CAF subpopulation in the context of PCa was later also confirmed by ¢@rerst al., 2012)
Since thee discoveries were madbe advances in single sequencing techniques shed more

light onthe diversity of the CAF populations RCa.

Noteworthyarestudesby Vickman et aland Chen et a(Vickman et al., 2020, Chen et al.,
2021a)that inspecte®Capatient derived CAF®Both studies found a homogenous high

expression o¥/imentin in the CAFs with a majority of cells also express$FMA. Despite
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these overlapping findingghetwo studies identified distinct CAF subpopulatioNsckman et
al. utilised 3 n g | eessergkribonucleicacid (MRNA) sequencing analyste define6
CAF clusterg(0 to 5. Interestingly the differential expression af panel of 5 gend8IRC5,
CD63,GLRX, PHKG1,PKM, and MALAT1)wassufficient to distinguish the different
clusters. The authors also suggested that there were atwedshctionally distinct
subpopulations, one that promotes the attraction of macrop{fagéeg positive low CXCL12
expresing) andanother one that promoteglammatory cellslpw CCL2 expressingCXCL12
positive)(Vickman et al., 2020)

In contrast, Chen et allentified 5 CAF clusters separated by their unique gene expression
profile, whichwere furthesummarised ithreeCAF subtypes (SB3): S1(enriched gene
expression of PDGHR, CA V 1, acti8aloAdR i@anscriptiorfactor (TF) ETS]) with a
predicted function in celhdhesionS2(enriched gene expression of PDAFRtivation of TF
CREB3L1 and PLAGL1ith apredicted functionin ECM regulaton andS3 (enriched gene
expression of FAP, TNC, CAV1, activation of TF HOXB2 and MARB)h apredicteda
predictedcontractile phenotypéChen et al., 2021a)

These studies clearly show thilaé intra and inter patient heterogeneity of CAF

subpopulations remainchallenge in defining specific CAF subpopulations that can be
validatedacrosdifferent studies. Perhaps, to achieve to this, a disease stage specific analysis
might be required whictvould alsorequireconsideratiorio clinical parameters (e,dsS,
PSAvalue).

1.5.4 Functional diversity of CAFs

Not only is there omplexity indefining the transcriptome of distinct CAF subpopulations but
there isalsoa functional diversityin CAFsandassigning specific functions tagetic
phenotypes remairdifficult. Many reviews tried to simplify the categorising of CAFs iato
least threenost obviously apparent axistinct subpopulatiobased on their functiomntigen
presenting, myofibroblastic phenotype anfflammatoryphenotypgexamples of reviews
(Yang et al., 2023, Ping et al., 2021, Lavie et al., 20@)vever, this appears to be an
oversimplified view on CAFs as many different subpopulations wifbminstancethe U-

SMA positive subpopulatits exist(Chen et al., 2021a)n addition to thisthere is evidence
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that CAFs maintain the ability to convert from one subype to another as reported for the
conversion betweeBAFswith a low U-SMA andhigh IL-6 expressiornio amyofibroblast like
subtype withhigh USMA expressior{Ohlund et al., 2017Hence, categogsused to
characterise CAF subpopulations shoulctcbesidered carefully

At least onesubpopulation o€AFs modulat&eCM structureorganisation through enhanced
deposition of ECM molecuge ECM modifying matrix metalloproteinasé@sIMPs) and
alterations in the ECMibres, which lead to increased tissue stiffn&svatedECM secretion
by CAFsresulsin a higher stromal density, which protects neoplastic &elfa eliminationby
immune cell§{Salmon et al., 2012)n addition to this, Gaggio#t al suggested that the
deposited ECM components form tracks that promotes tumour migratory capabilities and

invasivenesg¢Gagagioli et al., 2007)

Thereis growing evidence that this CAF subtygays an important role in PClaor instance,
increased density of the ECM component hyaluronan in the tumour stroma has been observed
at theadvanced stages of the disease [(bigh GS)(Lipponen et al., 2001)urthermore,

single cell sequencing showed that fibroblasts adjacent to the primary tumouma@d/la
remodelling genetic signatufklirz et al., 2023)However, the study did not focus on

delineating CAF subpopulatiomasd functional propertiea more detail. Anotherecent single

cell sequencing study performed in a mouse model suggested that ACTA2 and MYL9 positive
fibroblasts contribute to TME remodelling in the early stages of the disease by increased
secretion of ECM componenfBakula et al., 2024)mportantbioactive moleculg thatare

released by CAFs atdMPs, which aid inweakening th&CM barrier surrounding the tumour

and thus facilitate the dissemination of tdamcer cellsVarious MMPs have beereportedio

be released by PCGalatedCAFs. For instance, it was shown that in P&€eymal cells isolated

from patientghat underwent radicalrostatectomgecree MMP2 (Wilson et al., 2002)
Furthermore, in tissue sections from high grade protiateurs(GS810) elevated expression

of both MMP2 and MMP9 was fourahd this wasccompanied by a reduced expression of
tissue inhibitor of metalloproteinade(TIMP-1) andtissue inhibitor of metalloproteinage

(TIMP-2) (Wood et al., 1997More recently, Eiro et afoundin 37 CAF samples isolated

from patients with a castration resistant tumour, elevated mRNA expression bfaiifik
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metalloproteasél (MMP11, involved in invasion) and Héahock 70kda protein 1A (HSPA)
(Eiro et al., 2017)

The molecular mechanism that contributes to the functional role of CAFs in ECM remodelling
are also beginning to be uncovered. A proteomic analysis of CAFs isolatetbfroRCa

patients that underwent radical prostatectomy, showed an enrichment of ECM modulators and
validated lysl oxidase like 2 (LOXL2) as a CAF derived regulator of ECM architecture

(Nguyen et al., 2019Furthermore, Erdogan et demonstrated that CAFs induce linearisation

of fibronectin fibres which promote PCa cell disseminatierdogan et al., 2017)

The existence of CAFs with a proinflammatory secretion profile hasyregosed by a few
studies(e.qg, (Erez et al., 2010, Ohlund et al., 20hnRdhas also beedescribedn PCa patient
derivedCAFs(Eiro et al., 2022)A critical function of CAFsis thesecreion of a range of pro
angiogenic chemokines which stimulate the formationmé@vasculatureroviding the
growing tumour with oxygen and essential nutrients to maintain gramdkerving as waste

disposal rote (reviewed inBiffi and Tuveson, 2021)

IL-6 isapro-angiogenidMotro et al., 1990and pro inflammatory chemokir{Raskova et al.,
2022) There is mounting evidence for a pivotal role of CAF derive® ih modulating a
favourable TMEShintani et al., 2016, Vicent et al., 2012, Ohlund et al., 2017, Elyada et al.,
2019) The role of 1.-6 derived fromCAFs to induce angiogenesis was recently validated with
anin vitro model withHumanUmbilical Vein EndothelialCells (HUVEC). In the context of
PCa, IL-6 secreted by fibroblasts $laeen shown to stimulate the secretioVBIGF in PCa
cells(Ishii et al., 2018pnd to elicit endothelial cell migratidqiPaland et al., 2009)
Furthermore]L -6 released fronCAFs suppresses Doxorubidichemotherapeutic drug)

mediated celtleath by inhibiting p53 accumulation in PCa cells in fi€beteh et al., 2020)

Another example of a paracrine signalling molecule released by CAFs is hepatocyte growth
factor (HGF), which has been confirmed in various tumours including for instance head and
neck cance(Kumar et al., 2018)squamous cell carcinonfgikesdal et al., 2018nd PCa

(Qin et al., 2021)In PCa, it was shown CAF derived HGF enlesmigraory capacityof PC3
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cell in vitro andtumour growthin vivowhen PC3 cells and fibroblastereco-injected into
mice (Davies et al., 2003)

1.5.5 Origins of CAFs

Various celltypes havdeen proposed as precursof CAFs, howevergiven the comxity

of heterogenous CAF populatioasd the lack of CAF specific marketsacking of CAF

originsis challengingand it might be possible that multiple cell origins contribute to formation
of the diversity, and dynamics @fAFs(Figure 13). Theseinclude epithelial cells that
underwent EMT leading tthe acquiringof mesenchymal (fibrobladike) featureqZeisberg et
al., 2007) Other possiblesource cellsnclude mesenchymal stem celghich may emanate

from bone or adipose tissue origins, as part of a population of tissue infiltratingkaaiteoub

et al., 2007)pericytes(Hosaka et al., 201@&ndendothelial cell§Radisky et al., 2007)

Furthemore Arina et al reported that tissue resident fibroblasts ingaatumoumilieu can
be the progenitors of CAFs in a mouse mdéeina et al., 2016)and perhaps this is the
likeliest principal source of CAFsTissue residentlfroblastscomprisea diversepopulation of
mesenchymal cells, thatecharactesed by producing components of the connediissue
andare considered to maintain tissue homeostaien astimulus for instance tissuiajury,
fibroblastshave well documented capabilities to adapt and react, and may undergo
differentiation into myofibroblastic cells. This is defined by the de novo ond¢SMA
monomerswhich arepolymerisednto stresdibresproviding muscldike capacity to undergo
cellular contraction, and exert mechanicatton the surroundingCM (Hinz et al., 2001,
Welch et al., 1990, Chrzanowskéodnicka and Burridge, 199@Ylyofibroblasts also become
highly secretory in terms of their growth factor profiles, and areng@ortantsource ofone of
the most important tissemodulating factorstransforminggrowth factorbeta TGFb) (Sahai
et al., 2020, Plikus et al., 2028nd a host of otherghich collectively contribute to alteration

of the tissue architectuendcellular compositiorin cancer.
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Figure 1.3: Cancer associated fibroblasts in the TME support the tumour.

CAFscanderive from multiple cell sources including bone marrow mesenchymal stem cells
(MSCs), adipocytes, smooth muscle cells, epithelial cells, fibroblasts and epithelial cells. CAFs
are located in the peritumour space and secret various tumour promoting fasfess

attributed functions that were described in the text are summarised in (B). A) taken from
(Zhang et al., 2022)B) created in BioRender.
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1.5.6 Transforming growth factor b signallingin CAFs

Transforming growth factabeta 1 (TGFbl) is a pleiotropic regulator of homeostasis across
various tissues with immune suppressive functions in adaptive and innate im(Masgsague
and Sheppard, 2023)his cytokine isalsoan important regulator of fibroblast activation by
inducingdifferentiation to myofibroblastéOesmouliere et al., 1993nd thusstimulaing the
production and release of collagens into to the extracellular spaceRseuentlyissue
remodelling(asreviewedMassague and Sheppard, 2023, Chen et al., 2021a)

CytosolicTGF-b, in an inactive formn complex with latencyassociategeptide(LAP), is
releasedrom the producing cellsto the extracellular spac€here the TGFb-LAP complex
is subsequentlipound tothe LAP binding protein complexThe mechanism releasiigsFb
from the complexs currently uncleamvhile proteolytic cleavagenas beemproposedo mediate
this process but hasot beenconfirmedin vivo. Thereleased activated homodimEGFb
binds toTGFb receptor ATGFbR2) on the cell surface and thereby recrdiG~b receptor 1
(TGFDbR1) (Figure 14). Then TGFbR1 binds theTFs Suppressor of Mothers against
Decapentaplegi2 (SMAD2) andSuppressor of Mothers against Decapentapl@g®MAD?3)
andsubsequentlphosphorylates both. The SMAD2/SMAD3 complex translocates into the
nucleus and upregulates the transcription of its target genes inclUdigA and genes
regulatingeCM production This functional impact of GFb is not exclusivelymediated via
theabove SMADdependent route agher signalling pathways in the target celis also
activated, producing a different set of responses such as hyaluronan coat fofWWabber et
al., 2010, Webber et al., 2009)

Interestingly,TGFb is also foundound toEVs and delivery in this fornpromotedibroblast

to myofibroblastdifferentiationin fibroblasts(Webber et al., 201@ndin addition to this, also
elicitsan elevationn the release of prangiogenic factors such as H@GrRdVEGF (Webber et
al., 2016, Webber et al., 201%nportantly,utilising mouse models studigiemonstrated key
finding: co-administering fibroblasts and PCa cells with reduced EV output, retheeéumour
growth when compared to @ministering fibroblasts with wild type PCa cdNWgebber et al.,
2015, Yeung et al., 2018)hesdatter studieshighlight that the communicative networks that
occur in cancer environments can invoMds, with ample evidence that they caromde

tumour progression byodulating varied component$ the TME.
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TGFb b i M@Fb R 2dich induces the formatioof a heterocomplex fFGFb R2 and
TGFb R and transphosphorylatiohe activated receptor complex phosphorylates SMAD2
and SMAD3 (canonical pathwaygubsequently$MADA4 binds to the phosphorylated

SMAD2:SMAD3 and the complex is translocated into the nucleus where the transcription

factors bindo the DNA and induce th&uppressiomxpression ofarget gene€Vs have been

shown to activate the canonical SMAD dependant patlf\#bber et al., 2010)

Alternatively, TGFFb can al s o -eanohica\SEIADeindépéndentmpathnvay, which
activates several downstream signallpaghwaysncludinge.g, the AKT pathway, which

suppresses apoptogiduang et al., 2020Rho GTPasg which regulate myofibroblasts

activation and ECM secretidii et al., 2013)and the ERK1/2 pathway, which modulate
myofibroblast activatiofCarthy et al., 2015Figure created in BioRender based(Gungor et

al., 2022, Shet al., 2020, Massague and Sheppard, 2ERK=Extracellular signategulated

kinase TF= transcriptiorfactor, TGFb=Transforming growth factd , EVs= extracel

vesicles.
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1.6 Extracellular vesicles

Historically, different forms of EVs have been classified by their distinct subcellular origins
which includes two main routes of either endosomally dersvedll vesicles éxosomesor

small and larg@lasma membrane derived (egrfosomes or microvesicles). However, it is
experimentally difficult tadeterminethe cellular origin of EVspresenwithin the secretome,

or isolated, due to a lack of definitively discriminating marKersither route Additionally,

there is inconsistency in terminology used to describe EVs ipas#iterature, although

some guidance on these issbas been published within the Journal of Extracellular Vesicles
where a combination of biophysiadéscriptos (e.g, protein markerssize and/or densiyyare
potentiallymore valuable than attempting to define a vesiakeld ornts subcellulaorigin

(Thery et al., 2018, Loétvall et al., 2014, Welsh et al., 2024)

Thebiogenesis of microvesicl¢s007 1000 nm angometimedargerand potentially
smaller)occursby an outward budding of the plasma membr&seeral factors have been
implicated in the biogenesis of microvesic{ésicarico et al., 2017)For instance, the

GTPase ADRibosylation factor 1 (ARF1) has been described to regulate the contractile
machinery at the cell surface that controls the pinching off of microveg¢®dddienger et al.,
2014)and Rab22a has been proposed as regulator of microvesicles in breast cancer cells
(Wang et al., 2014)}urthermore, Stachowiak et al reported that the meremulation of
proteins at the plasnmaembranevas sufficient to induce membrane curvature and eventually
leading to the release of microvesic{8sachowiak et al., 2012However, the mechanistic

detailsof vesicle formation and buddirgmainto be fully déined.

The Endosonal Sorting ComplexRequired forTransport (ESCRT), a vital machinery for the
remodeling of the endosomal membraae a set of molecular features was previously
considered to specifically defirmdosomally derive®Vs. More recently these components
have also been found adjacent to the plasma membrane and thought to also playtherole in
biogenesis of microvesiclé$ricarico et al., 2017, Cocucci et al., 200@erestingly the

small GTP binding proteiADP ribosylation factor ARF6) was discovered as a regulator of
selective cargo recruitment into microvesigl€sancy et al., 2019ndfor microvesicle

sheddingMuralidharanChari et al., 2009)and this may offer us a means of discriminating
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EVs from microvesicles. However, whether this is definitive across varied cellular systems, or

indeed if its role varies by cell activation statesnains tde clarified.

The major focus of our group is on the small EN&oricallyreferred to agxosomesThese
vesicles (36130 nm) are endosomally derived vesicles, albeit defining these as such remains
a constant challeng&his subset oEVsis manufactured within late endosomal

compartments, in structures known as raudtsicular endosomes (MVE often referred to as
multivesicular bodies (MVB)). Whilst it is known that such MVE aliver material to

lysosomal compartments, presumably for degradaitft: can also alternatively traffic to

the plasma membrane and undergo an exocytic fusion event. At the plasma membrane the
preformed small vesicles are thereafter released, into the pericellular spkaés (asviewed

in van Niel et al., 2018)

1.6.1 Biogenesis oEVs

The first step of the biogenesis©¥s takes place at the limitingembranef thelate
endosoméFigure 15, reviewed invan Niel et al., 2018)There, intraluminal vesicles are

formed by the invagination of trendosomal membrane, and the eventual pinching off, of
theseto become fredloating nanovesicles within the endosome lumdaltiple intraluminal
vesicles arise and remain enclosed by the limiting membrane of the MVE. Current models of
the biogenesis dhtraluminal vesicles categorise at least two processes that are either ESCRT
dependent or ESCRT independdrmiwever there is no established standard model system for
studies of this nater, and hence cell type specific differences across these diverse systems
must be considereavhere findings in one model cell type may not be relevant in a different

system
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Figure 1.5: The generation ofEVs involves a range of regulators.

The cellular machinery and molecular modulators leading to the formation, budding and
release of EVs are depicted with a focus on key compartments involved in the generation of
endosomally derived EVs. Inward budding of the endosomal membrane formammiiu

vesicles that pinch off into the lumen of the late endosome to form multivesicular endosomes.
This process is regulated by ESCRTS, tetraspaninseutdal sphingomyelinas2

(nSMAse2) The multivesicular endosomes are transported to and fuse wigatma

membrane. This step is facilitated by SNARE complexes. In contrast, microvesicles are
directly formed at plasma membrane. There is an overlap of the machineries used for the
biogenesis of endosomally derived EVs and microvesicles (e.g., ESCRTeges)pGreen

boxes detail machineries involved at the indicated step and provided examples of constituents

of these machineries.
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The ESCRT machinery (ESCRTSs 0l and associated factors) modulates membrane
remodelling at endosomes irstepwise process resulting in the formation of intraluminal
vesicles, loaded with ubiquitinated proteins. First, the ESCRA.g., HRS, STAML1,2)
recruits selective vesicle cargo and ESGR3 endosomes. Next, ESCRTe.g., TSG101,
VPS28) initiates vesle budding into the endosomal lumen and recruits ESCRASCRT-II
mediates the polymerization of ESCRTfibres. For instanceApoptosislinked gene 2
interacting Protein XALIX), an ESCRTFaccessory factor involved in EV biogeng®&sietti
et al., 2012)binds tocharged multivesicular body protein 4CHMP4Q monomers
(McCullough et al., 2008)This interaction leads to the polymerisation of the ESCRTIII
components and is an essential step required for the final pinching off and the release of the
intraluminal vesiclegILVs) into the endosomal lumgiang et al., 2016)ESCRFIII recruits
the VPS4 complex, which triggers the deconstruction of the ESCRT codpiex and
Furthauer, 2018)

Tamai et alrevealedhatthe attenuation of HRS (ESCRJ) in dendritic cells causa

decrease in the secretion of Ea&®d thus demonstedthat the ESCRTnhachineryis

involved in the regulation of EV biogenegigamai et al., 2010Furthermoregdepletion of
TSG10L(ESCRTI), VPS22(ESCRTII) and CHMP4(ESCRTIII) hasbeen shown to

diminish the release @D63-positiveEVsin epithelial cellgBaietti et al., 2012)
Later,Colombo et alelegantly demonstrated that different ESGE&Mmponenthave distinct
influences on size and/or protein composition of released EMsrinietta LackgHeLa) cells
(Colombo et al., 2013Attenuation of he ESCRT Gndl components HRS/HGS,
STAM1/STAM andTSG101diminishedEV secretion. In contrast to this, knockdown (KD)

of the ESCRTII component and accessory protéihlX caused enhanceV expulsion.
Interestingly, none of thKDs caused a complete inhibition®Y release suggesting that
distinct vesicle populations are regulated by different factors, hence the known diversity of
small vesicles that are produced is likely to involve a variety of distinctive regulating factors
and importantly suggest the existencas@feralvesiclegenerating pathways operating in
parallel and/or reacting in a compensatory fashion to such manipuldiatisemore in
contrast to HelLa cells, attenuation of ALIX in dendritic cells did not impact the le¥Y of
secretion hence thewvesiclegenerating systems are likely to show tgfie specific

differencedn their biogenesis and regulators

This makes comparisons across cellular and model systems to undérstgederal rules

surroundingvesicle regulators very challenging. Nevertheless, these studies suggest that
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ESCRT components regulate the recruitment of distinct cargo and the likely existence of
molecularly distinct MVE compartmen{€olombo et al., 2013)

More recently, several studiesbmosophila havealidatedtheimportant role of ESCRT
depenént EV biogenesid-or instance, epletion of VPS2§ESCRTI) in this model
organismcauses aaltered MVB morphologyFirkowska et al., 2019ndimpairs the
number of ILVs(Fan et al., 2023 urthermore, maotherstudy inDrosophilademonstrated
thatattenuatiorof multiple components of thESCRT machineryincluding componentsf
ESCRTO0 (HRSandSTAM), ESCRH (VPS28 and TSG101), ESCRT(VPS25 and
VPS36) and ESCRTII (SHRUB) reducsthe numbenf ILV sand secreted vesiclé8larie
et al., 2023)

In addition to the ESCR@ependent pathwayhere is also evidence for an ESCGRT
independent, ceramietependant pathway involved in the formation of MVE. Upon
activation of this pathway sphingomyelin is cleaved into ceramide, through the catalytic
activity of nSMAse2(Trajkovic et al., 2008)This spontaneously causes a physical fold in the
membrane structure. In acelluldtro models, artificial MVE were created with
sphingomyelin and mixtures of other lipidpon the additiorf activenSMAse2

demonstrating the importance of this ceramide generation for membrane folding and
spontaneous scission procesgaisemical inhibition of NSMAse2 appears to attenéate
secretion in somdut not all cell systemgKajimoto et al., 2013again pointingo an

important, yet poorly definedell-specificity in the mechanisms involvethe impact of
nSMAse2 inhibition on EV secretion has been confirmed in a wide range of model systems
and these includi®r instanceneuroblastglguchi et al., 2016)muscle cell§Tavakoli

Dargani et al., 2018rolorectal cancer cell$iuang et al., 2018nd neuroe-like cells
(Sackmann et al., 2019)

In addition to these generally accepted systems for EV biogenesis, other processes are also
likely involvedin these mechanisms in particulatraspaninswhichare transmembrane

proteins that transverse through the membrane four tanesthereby possibindudng a
curvaure of the membrarnthat aids in the formation of ILV@eviewed inToribio and

YanezMo, 2022) For instanceCluster of differentiatior63 (CD63) has been implicated in

regulating the molecular composition of small EVs and their release. KiagBout KO) in
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HEK?293 causes a drastic reduction in the number of released EVs and the loading of LMP1,
an Epstein Barr virugncodedrotein, intoEVs (Hurwitz et al., 2016a, Hurwitz et al., 2017)

Cluster of differentiation §CD9) is anothertetraspanin and induces membrane curvature in
its closed confirmatio and thusis considered to bmvolved at the endosomal membrane to
regulate EV biogenes(seviewed inToribio and YaneaVo, 2022) The impact of CD9
attenuation has been explored in various model systems indicating CD9 as a potential EV
regulator across different calystemsinterestingly CD9KO in melanoma cells causes an
increase oEVs in theconditioned media (M) (Suarez et al., 202T)he authorsuggesthat

this was caused by compensatory mechanisms in the cells with an increased expression of
other tetraspaning.he samestudy investigated the impact of CD9 KO in a melanoma cell

line in regard to changes in cell organelles and reported CD9 KO induces a downregulation of
the number of earlgndosomes accompanied by an increase in CD63 positive EVs

The tetraspanin CD9 has also been indicated as a regulator of EMf@amgoment
Overexpressing CD9 IHEK 293T cellspromotes théncorporationand exporof b-catenin

in EVs and thus regulates tiéinglessintegratedWnt) signalling pathwayn these cells
(Chairoungdua et al., 201@urthermore CD9 modulates thimcorporation of

metalloproteinase CD10 in E\(Mazurov et al., 2013)

The role of CD9n EVs in the context of PCa has also been exploradfew studiesin a
recentreport EVs derived from a PCa cell lines (WREB26), a prostate derived wildtype

cell line (RWPE1) and a newly generated RWPEL cell line with decreased CD9 expression
were compared. Interestingly, the CD9 low expressing rellsatedsimilar concentrations

of EVs in theCM compared tdoththe unmodified wildgpe prostateellsand the PCa cell

line. Furthemore the resultsuggestedhat EVs from thé>Cacell line and theorostate cell

line with attenuated CD9 expression were enriched in proteins targeting protein degradation
(proteasome subunit beta typeProteasome subunit beta tygeProteasome subunit beta
type-7 and proteasome activator complex subunit 2) compared EM&rom unmodified
prostate cell lin€Brzozowski et al., 2018)CD9 wasalsopreviously attenuated in our lab in
DU145cellsand had a minor impact on the molecular features of the released By et

al., 2018)
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Despite these multiple lines of evidence that GP& regulator oEV composition, aecent
paper suggested that CD9 &ddster of differentiation 8{CD81) only play a minor role in
modulatingthe composition of EVs in breast cancer cafisletermined by a proteomic
comparison oEVs derived from &£D9 and CD81 double and single K@ll line (Fan et al.,
2023) However, his might beacell line specific observatioand dearly showing that further
work is requiredo elucidateoles fortetraspaning the biogenesis oEV.

1.6.2 Intracellular transport

The second step of the generatiorenflosome deriveBVs is the intracellular traffic of MVE
towards the plasma membraVE are transported along microtubules and released
following a plasmanmembrane fusion evefiteviewed invan Niel et al., 2018)XKey factors
involved in this traffic are molecular motors and molecular switches and parallels can be
drawn with other endosonteafficking factors. In particulathere is considerable interest in
some of thdRab GTPasefe.g., Ralba, Rabra, Rab37) for their roles as switches in regulating
MVE trafficking. Most noteworthy is the study by Ostrowski ef @ho conducted a screen in
Hela cells to elucidate the functionR&b GTPaseis EV secretion. The screen identified
Rab2b, Rab5a, Rab9a, Rab27a and Rab27b whose inhibitamotiynterferingRNA

(siRNA) negatively regulated exocytic expulsion of vesicles. More precisely, the study
indicated that Rab27a regulates the size of MVE and the fusion of MVE with the plasma
membrane. It was also revealed that Rab27b regulates the transfer of MVE to the cell corte
(Ostrowski et al., 2010)rhese Rab proteins were thoutghbespecific forcontrolling

vesicle secretigrbecause theliKD impairedEV release budlid notinhibit secretion of

model proteinovalbumin However, subsequent studies involving the same authors admitted
the absolute specificity of these factors in exclu&Vesecretion was not the case, and a
range of classically soluble cytokines and growth factors seemed also to be perturbed by
Rab27 attenuatiofBobrie et al., 2012ap| so, i n contrast to Rab27hb
study showed thattenuation oRab27hin both the metastatimammary carcinoma cell line
4T1 andthe noametastatic cell lind S/A does notmpact the amount of the released EVs or
the levelsof ALIX, TSG101, HSC7@nd CD63 present on isolate¥s. This again points
towards a highly cell type specific role BY regulatorsand nhibition of EV expulsion whilst

minimally impacting other constituents of the secretome nbghimpossible.
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In the absence of a comprehensip@batinhibition of EV release when targeting putatilz®/
regulators, the idea was proposed that effects of such perturbations may be more subtle and
there might be distinct pathways inside cells responsible for generating dtfinct
subpopulations i.e. some of these were inhibited whilst other pathways remained functional.

In our lab, it was shown previously tHaab35 and Rab11b are important regulatoriS\of
releaseKD of either resulted in a modest (20%) attenuation of vesicle olngputDU145
PCa cellssuggesting initially thathese molecular switchesntrolled the same pathway.
However,molecularprofiling revealed the remaining 80% of expeleds were molecularly
distinct. This studylsorevealed thaEV secreted in a Rab3fependent fashion were
functionally distinctive also, in terms of their capacity to activate fibroblastic (&tsng et
al., 2018) Thus, Yeung et atevealed a functional relevance of disti&dt subpopulations in
communicating to the tumour microenvironmantl highlightedmportanceof Rab35 for
generating tumour promotirigVs by the DU14%Cacell line.

There is further evidence that different Rab GTPases are essential regulators for distinct EV
subsets. In HeLa cells, in the presence of glutamine, late endosomal Rab7a dependent CD63
enrichedeVs are predominantly released. In contrast, under glutamine depleted conditions, a
switch from the Rab7a dependent pathway to Rablla recycling pathwapltde3 his

AEVswi tcho i s accompanied by PVsSw®@andncrgasedc chang
Rablla positive Ca¥ enrichedeV population(Fan et al., 2020Hence the regulators of

traffic can have significant effects on the repertoir&d$ being secreted, and these are

highly dynamicsystemsand can baffected bymicroenvironmental conditions.

1.6.3 Release oEVs out of the cell

The final step of the generation©¥s takes place at the plasma membrane, where MVE fuse
with the plasma membrane and the vesicles are released into the extracellular space. The
helical Soluble Nethylmaleimidesensitive fusion attachment protein receptor (SNARE)
proteins regulate the expida of the vesicles at the plasma membrane. SNARES located on
vesicles are termedSNARES (e.g., SNAP23, Syntaxin6), SNARESs located on the target
membrane are terme¢SNARE (e.g., VAMP3). The fusion of the MVE membeawith the
plasma membrane is mediated by a SNARE complex formed by the helicesnoftv
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SNAREs(Tang, 2020) The formation of the SNARE complex brings th® membranes in

close proximity and thus allows the fusion of the membranes. A recent study showed the
important role of SNAP23 i&V release. A noffunctional truncated version of SNAP23

which attenuates the function of the SNARE complex showed a drastic reduction of released
EVsfrom HelLa cells(Verweijj et al., 2018)It is important to note, that SNARE complexes

are involved in the release of variotesicular classesncluding lysosomal and

autophagosomal vesiclesd hence the specificity of a SNARE complex to specifically only
regulate endosomally derived EVs is difficult to estab(isats and Galli, 2022)

1.6.4 Considerations about E\(secretion in PG

Accumulating gidencesuggests thahe secretion of EVs is modulated in PCa #mnsl
observation is influenced by antineoplastic treatmieort instancein plasma sample§D9
positive EVs are found at increased levelpatients with PCavhen compared to samples of
patients with benign prostatic growfBoekmad;ji et al., 2017a)otably, an elevatiom CD9

and ARdoublepositive EVs in patiestwith aggressive PClaas also been report@dizutani

et al., 2014)Furthermore, research by Martddsunovaet al suggested that EVs in blood
plasma samples fromPCa patient exhibit a distinct disease stage specific signature. The
study showed that organ confined PCa was associated with elevated levels of CD9 CD63
double positive EVs in the blood stream, whereas elevated CD9 PSMA positive EVs were

increased in advanced PQdartensUzunova et al., 2021)

Treatment ofPCa cells with androgeaxistargeting drugge.g, Enzalutamide) induse
changes in the EV carg&oekmadiji et al., 2017b%pecifically,dihydrotestosterone
administrationin Lymph Node Carcinoma of the Prostat®&lCaP) cells elicited anncreased
secretion of ©9 positive EVgSoekmad;i et al., 2017d)rabe et alshowed that, in PC3
cells, targeting an EV miRNA regulator reduces EV secretiofitro and diminishes the

tumour burdenn vivoin a mouse moddlUrabe et al., 2020)

These studies point to an important role of EVs in PCa and understanding the nuanced

modulation of the EV cargo and functional role, outlined in more detaédtion1.6.6 will
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be critical to unravel thenderlyingdisease mechanisms and in the development of novel
targeted therapies.

Taken together, there is considerable complexity in the endogeselistrinsic machineries
that producéeVs, and theseaybe highly celtype specificThe context oEV production
such as cell starvation, hypoxic stress and other environmental influencpresaammedo
drive changes from constitutiEv manufacture, and hence these pathways are likely to be
highly dynamic and responsive to external factddditionally, there is gossibleoverlapin
some of themachineries used for the generatiorenflosome deriveBVs and the generation
of plasma membrane derivedicrovesicles. This potential confounder renders the
experimental distinction of the two maj&V classes difficultYet, given theananifoldroles

of EVs in driving pathological processes such as cancer, it remains of interest to devise
modalities for inhibiting their secretioandto identify EV subsets that are most relevant for
tumourpromoting biological activities. Targeting SUEN subpopulations, if possible, might
be useful in therapeutic settings to constrain speeManediated effects whilst limiting

undesirable consequences of gldbdlattenuatio.

1.6.5 EV Cargo

EVs encapsulatkighly complexcargo induding a range oRNA species, DNA and proteins.

Importantly,in addition to internal EV cargo, EVs also cafuyctionalexternal cago, which

has been described aprotein corona(Toth et al., 2021, Palviainen et al., 2020)

The composition of thimternalEV load depends on the cell status with cancer cells carrying
cargo that is distinct frorwildtype cells as reported for example by Hossedgheshti et al

who describedhe poteome of PCEVs compared to normal prostate E\osseini

Beheshti et al., 2012Another examplef cell status driven EV cargo was described for
mutant KRAS thatpromotes the incorporation of signalling molecules and metabolic
enzymes into EV§Demory Beckler et al., 2013 xternal stimuli such as hypoxia,

ultraviolet UV) radiation, TGFb treatmenhave also been reped to modulate the cargo
loading in cellgDixson et al., 2023)Furthemore external stimuli can also regulate the
release of distinct subsets of EVs to be released. For instdoblast growttfactor

modulateghe release XM P3 positive EV¢Kumar et al., 2020)
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Theunderlyingmechanisms of EX¢ontent recruitmerdre not yet fully elucidated. E¥argo
loadingcould be a passive process directed by the mere proxoifritye substrates at the
location of EV biogenesis. However, there is increasing evidendé\floargo sorting i
selectiveprocess during which cargo is incorporated into nascent E&fbaps, a
combination of passive and active loading drives the molecular diversity of EVs.

Recently, proteins containing the KFERQ motif were found to be enriched in a subset of EVs
supporting the notion of selective EV cargo sorf{iRgrreira et al., 2022furthemore
variousposttranslational modifications have been reported to promote the loading of proteins
into EVs for instance phosphorylation induced by the activation of oncogenic signalling
(Imjeti et al., 2017pr glycosylatiof(Wehman et al., 2011)n addition to thisthe ESCRT
machinery binds to ubiquitinated epidermal growth factor receptor resulting in locally cargo
enriched regions on the endosomal memb(aden et al., 2012)

Various mechanissresponsible for the specific incorporation of RNA into EVs have also
been proposedanas et afeported that thaffinity of selective RNA species to lipidsads

to an accumulation of these species at theBgl#hdconsequently enhancéshding in EVs
(Janas et al., 2015pncogenic signallingnas also beesuggestedo influence the EV content
as described for example for KRAS signallimghichmodulates the incorporation ofiRNAs
into EVsand mediates target suppression in recipient (€hs et al., 2015)n colon cancer
cells KRAS signalling promoteérgonaute2 (AGO?2) localisation to endosomes mediating
AGO2 dependent miRNA loading into E\IcKenzie et al., 2016)

Furthemore gecific RNA bindingmotifs have been fountthat drive the selective
enrichment of RNA in EVsAn exampleof this arefactors associated with tlieterogenous
nuclearribonucleoproteifhnRNP family such as hnRNPA2BVillarroya-Beltri et al.,
2013) In this study, the sequence motif GAGG was identified in a subset of mMiRNAs
enriched in EVs that bind to hnRNPA2Bnother example of RNA binding protein driving
specific RNA loading into EVSs, is the RNA binding protsynaptotagmin binding
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cytoplasmic RNA interacting protein (SYNCRIP), whigimds to the hEXO motif on
microRNA (Santangelo et al., 2016)

1.6.6 Functional role of EVs

EVsfulfil a plethora of functionBy transferring signalling cueanging frommodulating the
metabolism of recipient cells, conferring resistance to chemotherapreatimenireviewed

in Zhang et al., 2021tp activating CAFs in the TME as described earliethe context of
cancer, EVs have been shown to promote the progression of the disease at all stathes from

beginning of tumorigenesis to metastatic spread and resistance to treatment.

Evidence is accumulating that EVs play a significant role in the transformation of normal and
neoplasticcells toamore aggressive phenotype.vitro, patientderivedPCa EVs have been
shownto drive phenotypic changes in recipient roalignant cells that increase the
migratoryand proliferatve capacity(Souza et al., 2018furthermoreBrzozowski et al
reported that PCa E\derived fromreduced CD9 expresgj cells elicit increased motility
and invasion in a recipient prostate cell line suggesting thse ttedlgpossiblyacquireda
neoplastic like cell statu®rzozowski et al., 2018)n addition to thisPCa EVs have been
demonstrated to play a role in intra tumour communicatiornt@ddve malignant
transformation ofdjacenneoplastic cells as shown by-8yed et alwho demonstrated that
EVs from a mesenchymal likeCacell line confer EMT transition in recipient epithetzl|
like PCacells(El-Sayed et al., 2017EVs alsopromote the tumour growth by influencing
energy generating pathways, glycolysis and oxidative phosphory(@iamg et al., 2018c)
A metabolic shifin cancer cellgonferred by &'s has also been reportegZhao et alon

EVs isolated from P&patient CAFs The studysuggested that thes& Eencapsulate
nutrients that induce a shift from aerobic to anaerobic ertergatisfy the increased energy
demand of the tumour tiss@i&hao et al., 2016)

Escape from the immune surveillance is a critical step in the establishment of neoplastic tissue
to prevent the clearance of abnormal cells by the immune system and thus considered a
hallmark of cance(Hanahan and Weinberg, 2011 PCa, EVs appear to contribute to the
suppression of the immune system and confer antitumour immunity. EVsHediCaP

cell line suppress-€ell activation and induce apoptogfsbusamra et al., 2005PCa B/s

35



have also been reported to inhibit natural killer oglis et al., 2006)and the differentiation
of dendritic cell{Yu et al., 2007)In astudy by Poggio et ait was shown thaProgrammed
DeathLigand 1(PD-L1), a molecule that suppressegdll activation, on PCa EVs inhibited
T-cell activation Importantly, diminished PEL1 expression on EVs by targetatienuation,
caused a reduced tumour growth which was rescued by injectitd. PDsitive EVSPoggio
et al., 2019)

There is mounting evidence that E&i® asignificantcontributor tothe formation of thgre-
metastatic nichéhus supporting the spreading of the disease to distanasiteported for
melanomgPeinado et al., 2012)nd breast cancélki et al., 2022b) EVs from nostumour

cells also appear to play a role in this process. Research by Hsu et al indicates that bone
marrow derived EVs are involved in creating thepretastatic niche in the livéor the

arrival oflung cancer cell§Hsu et al., 2020RegardingPCa, it has been shown tf(E3 cell
derived EVs contribute to osteolysis and thereliphéestablisiment ofthe bone as an
environment for tumour progressi¢ia et al., 2021)The EV compositiotikely playsa

major role in these processé®r instanceintegrinson EVs were describdd drivethe
organotropism imetastasigHoshino et al., 2015)-urthemore in melanoma, EVs promote
metastasis mediated by transporting receptors to distant sides where they bind to target cells,
induce the expression of various signalling moleculessabdequentlpromotelymph

angiogenesi§GarciaSilva et al., 2021)

At later stages of a cancerous grovENs alsoappear to play a cruciable in the

development of resistance to therapkesr instance n breast cancer cells treatment vitie
chemotherapeutic drug Doxorubicin increstbee release dEVs that primehe premetastatic
niche(Wills et al., 2021)In PCa,EnzalutamideresistantPCa cells have an elevated secretion
of EVs, mediated by ST>6, as suggested by reduced EV release and increased cell death
upon STX6 attenuatiorfPeak et al., 2020However, the authors of the study did not
elucidate the detailed mechanisnmsa different studyGW4869 treatment dPaclitaxel
resistant PC3 celleads toshift to larger EVs (>150 nngndin a xenograft model, GW4869
treatment reducetthe tumour burde(Kumar et al., 2022)The aithors speculatkthat the
smaller EVswererequired for the cancer cell survivBlurthermorePocetaxel resistant PCa

cancer cell variants (derived from DU145 and 22Raxgort multidrugresistant proteins
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(including Rglycoprotein andVultidrug Resistance Protein(MRP1)), which promote the
efflux of drugs from cells, packaged in E{Sorcoran et al., 2012)nterestingly, these EVs
were able to confer drug resistance to recipBotetaxel sensitive PCa cells suggesting an
important role of EVs in the establishment of therapy resistance.

Taken togethethere is strong evidence tHa¥'s contribute to thestablishment and
maintenance of cancand at the later stages of the disease alstatluee oftherapeutic
treatmentUnderstanding the mechanisms that drive these observations will aid in the
development of new therapeutargetsFor this purpose, it is essential to isolate and
characterise EVs with robust methods outlire.6.81.6.9

1.6.7 EVs as drugdelivery vehicles

EVs have gained attention @somisingpossible dag deliverysystems due to their
biophysical propertieand capabilities teransportioactive molecules such as proteins and
nucleic acidgreviewed inKim et al., 2024, Elsharkasy et al., 2020he vesicular bilipid
layer provides grotective emironmentfor the cargo and thuserves as ahieldfor the cargo
againstdegradatione.g, proteolysis,whenthe content isransported through tHzody.
Furthemore,injecting EVs in mice has been shown to be accompanied by a low
immunogenicity(Sun et al., 2023b, Lu et al., 2028)hich reoresents an advantage of this
route of drug delivery compared, e.g, lipid nanoparticlegreviewed inLee et al., 2023)
Another importantharacteristiof EVs istheir capabilityto traverse acrodsiological
barriers including the blood brain barr{&idder et al., 2014, Alvaregrviti et al., 2011)and
thusEVs provide apotential delivery route for traditionally dhto reach target sieln
addition to thisthe mdecular features of thEVsdrive thebiodistributionin vivo, which was
showne.g, by Hoshino et al.who demonstrated thahetype ofintegrinsexpresse@n EVs
dictates whetherthe vesicles accumulaie the brain, the lung dheliver (Hoshino et al.,
2015) The organotropism of EMsould be exploited tengineer EVs for a target talpecific
delivery of the content arttius also lower the required dose of the administéregwhen

compared to injecting drugin solution.

However, it is important to acknowledge the challenges and caregyardingexploiting
EVs & adrugdelively vehicle(reviewed in Wang et al., 2023, Durmaz et al., 20Z/he
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industrial scalaup of the EV production and reproducibility across different batches remains a
major challengedueto the cell derived nature of the prodaad its inherentariability.
Furthermorethe uptakenechanismsef EVs at the target cell acairrently not fully
understoodThesecould include a direct fusion of the EV with the membrane and
subsequentlyherelease of the cargo into the cytoddbwever, @docytosis is thought to be
the main entry route of EV#vhich destines theargo for degradatiofdoshi et al., 2020
Ghoshalet al, 2021) Hence, for a therapeutic application of EVs, the EVs must estlet
their functionvia a different routee.g, direct membrane fusion and release of the cargo into
the cytosol, or the cargo must escépen the edosomegPham et al., 2023Another concern
is the possiblelelivery of preneoplastic signals on the EVs and thus the triggering of
neoplastic effects recipient patientdDespite these challengegveral prelinical and

clinical stage trials havieeenor are currently conductesith promising reults(reviewe in
Elsharkasy et al., 2020, Wang et al., 2023)

1.6.8 Methods to study EVs

Thereis a plethora ofechniqueshat can be utilised to concentraolate and enrickVs
from biofluids andCM based ortheir biophysical propertieg.g, size, densityfreviewved in
Zhang et al., 2018b, Chiriaco et al., 2018, Hendrix et al., 2028)important to note, that
there is no gold standardethod thats suitable forthe general usage artktselection oan
appropriatenethod depends on the source material and downstream applitaadiition
to this, mportant consideratiorfer thedecision on the best technique® thenitial sample
volume,efficiency and specificity to retain EVs, protochlrations and complexity,
requirement of specialised equipment and associated(Eggise 16) (Hendrix et al., 2023)
In general methods that yield a highly purified EV preparation have effosiency to retain

EVs and the inverse
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Figure 1.6: Overview of different commonly used EV isolation methods.

A) shows a graphical depiction of different EVs andsmated contaminant&Vs can be
isolated based on biophysical parameters susblability (precipitation(P) (B)), size
(differential ultra centrifugatio(dUC) andfiltration (C andD)), density (density gradients
(DG) (E)), hydrodynamic sizéasymmetricaflow field-flow fractionation(AF4) (F)), size
(gravity dependantizeexclusion chromatograpi6EQ (G)), or EV surface markers
(immuno precipitation(IP) or affinity-precipitation(AP) (H)). I) shows that ach method has
a distinct efficiency to retain EVs (recoveryayis) and fidelity to only retain EV (specificity,
x-axis). Dashed blue lines signify combinations of techniques that result in a superior
purification. NVER=non vesicular extracellular partic|désC=Filter concentratiarFigure
adaptedrfom (Welsh et al., 2024)
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A commonly used technique to purify the EVs from the source material uses serial
centrifugation: low speed centrifugation at 4p® pellet celland 20009 to pelletvery large
EVs, followed by10,000x g to pellet microvesicles and 1,000x g-200000x g to pellet
small EVs(Raposo et al., 1996)sing this protocol, bulk EV isolation can be conducted to
obtain EV preparations whiaontain @ unbiasedpectrum of EVs fronsmalkr (less dense)
to larger(densg EVs and includingargerectosomesHowever, capturing a wide variety of
differentEV populationscould also cause challenges in the downstream applisatidn
interpretation of result$n addition to thisnonvesicular extracellular particles, e.groteins,
are cesedimente@nd hence contaminate the samplecircumvent this problemhe

isolated EVs can subsequently be further purjfiedexampleby passing the sample through
a Q2 um filter (Théry et al., 2006)Alternatively, combining ultracentrifugatiqyC) and a
density gradientwhichretainsthe EVs at a densityf 1.1-1.2 g/m (Raposo et al., 1996y a
discontinuous sucrose/deuterium oxide gradiehichretainseEVs of density <1.2g/rhin a
isotonic cushior{Lamparski et al., 2002ran be applied to isolate the EVs basedheir
buoyant densityA disadvantagef these purification methods is that thagtime consuming
andare accompanied kylower yield of EVEompared to a simpleC step Furthermore, the
EV containing preparatioranbe contaminated by the gradient mateniblch can

complicate the usage of the sample.

Ultrafiltration (UF) (Lamparski et al., 2003ndtangential flow filtration(Busatto et al.,
2018)arecommonly usedlternativetechniqus, which are membrangasedsolation

methods that result in the enrichment of EVs based on weight oifsiggrotocols suitable

for large sample volumes bfjuid, fastto conduct, and the obtained EV preparations have a
high sample purity. Howeveother nonvesicular extracellular particles can beeswiched

and thus contaminate the EV preparation

Size-exclusion chromatography (SE@S)a technique used to isolate ENa&sed on size
(gravity dependent)The protocodistinguishes itself by itsimplicity, high reproduciblyand
high purity of the obtained EV sample. In addittorthis, this technique causes minimal
disruption of the E\&tructures, maintairthe structuralintegrity, and there is no risk of
contamination from the columileverthelessit is atime-consumingechnique, which bares

the risk of a lowyield. In addition to thiproten aggregates and complexes of equal care
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be cepurified and thus contaminate the samplaere are lso commercially availablS8EC
basedsolationkits such as qE\(iZON) and ExespirE (Cell Guidance Systemsjlowever,
the consensus guidelinkBnimal Information forStudies ofExtracellularVesiclesSMISEV)
2023warrantcaution dueo thelimited EV specificity of the kits. It is also important to note,
that thedetails(chemicals, componentsj thekits are oftemot specified and hendgt-

introduced contaminations can be difficult to deteeramdevaluate.

Rapid potocols based on the solubility or aggregation of EVs have also been developed and
includepolymer precipitatiore.g, polyethylene glycol (PEGEVSs purified by this method
maintain theiintegrity, however, there is a risk of contamination with the polyaret

inevitable proteins areo-precipitated Several commercially available kits have been
establishedased on precipitation and these incledg mIRCURY Exosome Kits

(QIAGEN) and Total Exosome Isolation Kit (Invitrogen), ExoQuick (System Bioscignces

Again, due to limited EV specificity, these kits should be used with caution.

Proteins expressed on the EV surface can also be usaddh B/s in a sample ointerest.
Thisis implementedby selecting a marker on the EV surface for an immaffiaity based
capturee.g, utilising antibody coated bead€layton et al., 20019r latex bead§Lamparski

et al., 2002)A clear advantagef these techniques atlee ease and speedtbé handlingof

the sampled~urthermoreonly a small volume is required and a specific subpopulation of
interest(e.g, CD81 positive EVstan be selected. However, this can also be a drawback, as
thetruediversityof the EV populationsf the initial sample sourde not represented in the
final purified samplelt is challenging teluteEVs from the beads and thukere islimited
downstream applicatiorsiitablefor instancecharactesation by flow cytometry is

applicable, whilgunctional experimentsot

Recently, AF4, has been introduced asovel high resolution isolation method, which can be
used to simultaneousfyactionateand characteriseVs based ohydrodynamicsize(Zhang

et al., 2018a)The sample of interesteslinjected into a flow chamber and then subject to
both,a parabolicchannel flow andperpendicular to thaa cross flow. EVs argsubsequently
detectedhnd elutedZhang and Lyden, 20193F4 isolations have advantages which include

thelow impact on the EVs, maintaining integrity the EVs reproducibility of the resulis
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and global EV collectionss(nall and large EVjsLimitations of AF4comprisethat only small
sample quantity can hesed,and it might requiradditionaldownstream concentrations.

Furthermore, the specialisedquipmenis expensive, and thus might not be easily available.

As outlined above all methods have advantages and disadvantages that should guide the
selection of a suitable method for the specific research question. For instance, if a researcher
is interested irevaluating the RNA content of bulk EVs in a large sample volume only UC,

UF or SEC, Density gradient, or PEG are suitable techniques. If additionally, a high EV yield
is required, the choice is further limited to only UC, UF, PEG, density gradient. Foaitegr

to avoid contamination introduced by the isolation method the researcher might opt for UC or
UF for the isolation of EVs.

1.6.9 Characterisation of EVs

There are many challenges associated with quantifying and characterising EVs in a given
sample.The Interlaboratory comparison is complicated by cofounding factors such as
preanalytical variables that also influence EV quantity and quatitydingcell status,

available nutrients and oxygen. In addition to this, there is a remarkable heterogeneity of EVs
(molecular composition and siz&)espite ever evolving techniques and increased accuracy,
there is currently no single method alone taat characteseall EV populations in a sample

of interest while alsobeing able to discriminate between a true EV and other extracellular

particulate material.

Given these challengesedt practices to characterise EVCNI, body fluids or isolate&Vs

is under constantly evolving debate. TMESEV guidelines recentlyin theupdatedhird
version(Welsh et al., 2024)s an effort to provide guidance in this regard without proposing
to adhere to strict rule§Velshet al stipulate that EVs should be charactediby utilising
variousand orthogonalechniques to assess the quarditality of the EVsto ascertain
molecularcharacteristicandprior to definingfunctional properties ahe EV sample of

interest. To achieve this, the guidelines sugmestidingkey steps
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1 Quantification of the source materittlis can include for instance cell numbéwl
volume
Quantification of the EV preparatipfor instance particle and protein concentrations
Determining the pysical featuresf the EVssuchasdiameter or density
Analysing the mchemicalcompositionfor instance tetraspanin expression (CD9,
CD63, C81)

Furthermore, the limit of detections of an instrument can result in biased quantification of one
EV population. Hence, it is important to consider the respective limitations of each instrument
used prior to the analysis aladerwhen analysing the results.

There are several different EV quantification techniques based on distinct biophysical features
and with instrument specific advantages and disadvantagesistance, ryo-electron

microscopy €ryc-EM) is an importantmicroscopybasedechniqueused to qualitatively

analyseEVs and characteriseativestructural features of EV populati®im a sampleThe

EV preparation is immobilised by vitrificaticand vesicular structures appear as round shapes
confined byalipid bilayer (Yuana et al., 2013).imitations of this technique are the low

sample throughput and theboriousprocessing of the samples, which makes this method

incompatible with routine assessment of all EV preparations obtained in a lab.

Another microscopypased technique utilised for the quantificationhaf size and distribution
of EVs, isnanoparticle tracking analysis (NTA)his methodexploitsthe light scattering and
Brownian motion of particles in a solution to calculate their hydrodynamic diameter
(Dragovic et al., 2011 Advantages of NTA measurements compared to-Eiyloarethe
simple sample preparation and high quantification of particles. However, there is also a
drawback of this method that it is not possible to distinguish genuine EVs and other
extracellulamparticulate material in the sampla.addition to this, NTA inadvertentlynduces
biases byverestimatethe proportion of particles that scatter more light (large particles)

compared to particles that scatter less light (smaller particles).

The results of EV quantificaticareoftencomplemented butilising other techniques that

assesshe vesicular molecular content. A major challenge in this regard isutrahdy, no
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universal EV markeis availabk. To tackle this issue, tHdISEV guidelines2023 established
afive-component framewor{section 5.7) that aid® show theenrichmenof EV markers
while also demonstrating tfasence ofo-isolatedcontaminants. Sategories werdefined,
that recommend to

1 Validatethe presence EV associated markbket represerttansmembrane proteins
such as CD9, CD63

1 Validate the presence of EV associated markbkas representytosolic protein such
as ALIX
1 Demonstrate theatk of contaminatiosuch as lipoproteins

Category 4 (showing the cellular origin of the EVs algtecting endosomal proteins) and
category5 (showing ceisolates that are secreted by the cells) serve as optional additional

assessments.

A practical example for the assessment of tetraspanin levelsezdorple a platebased

assay akin a classical Sandwiehzymelinked immunosorbent ass@igLISA) which uses

one tetraspanin antibody, e.gnti CD63, to cpture the EV$n a sampleand another

antibody e.g.a biotinylated anti CD9 antibody to detect t¥s. Tetraspaningsan also be
explored microscopdlly, for instance by EVQuant which immobilizes EVs in a gel, followed
by staining of the EV#&ith Rhodamine and fluorescently labell@tibodies (mouse CD9
Monoclonal Alexa Fluor® 647 antibody, mouse CD&%xa Fluor®488)allowing to detect

changes in the expression of tetraspanin on individual(Begjes et al., 2020)

It is important to note, that there is a plethora of other methods which include for instance
western blottingandflow cytometry that can be utilised to explore the molecular composition
of an EV sampland the MISEV2023guidelinesprovide excellent guidance in the initial

considerations prior to thatilisation of these techniqué€#/elsh et al., 2024)

In recent years, several EV specific markers to delineated EV tiagig been proposed that
include forectosomes SLC3A2 and BYBlathieu et al., 201%nd Annexin Al(Jeppesen et
al., 2019) LAMP1 (Mathieu et al., 2021andfor endosore-derived EVsSynteninl
(Kugeratski et al., 2021However, these markease not yet universally accepted aeduire

further validation across multiple EV sources before they can be used as a definite EV
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marker.Again, this highlightsthe complexity of characterising EV specific features in a
sample of interest.

1.7 Hypothesis and aims

There is mounting evidence that EVs released from cancer cells promdegiepment and
growth of thetumour, in a variety of different way©ne aspect of focus to our group has
been thaEVs drive changes in the TME by activating fibroblasts to a CAF like phenotype.

In this thesis, | hypothesise thasidePCa cellsdistinct machineries regulate the biogenesis,
transport and release of molecliyasind functionally distinct EV subpopulatigrasd that
attenuating some of these may highlight an association between distinct subsesg@nf EV

specificPCa promotindunctions.

The overarching goal of the work presented in this thesis is to provide insights into
endogenous factors that regul&té-secretion whictihereaftercontribute to PGaelevant
processeslhe studywill centrearound Jorinciple aimghat will be explored with a range

methods:

1) Identification of potential regulatof(sandidatesinvolved in EV biogenesis,
intracellular transport and releasased on a literature review and aided by

bioinformatic tools

2) Generation of PCa cell line variants with attenuated expression of the selected
candidatesand subsequent characterisation of the releaseddavglerstand their

impact on vesickgproduction

3) Exploration of the functional impacf EVs derived from the PCa cefariants, with

particular emphasis on thiroblastresponse.
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Chapter 2:

Materials and Methods
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The materiad and methods described in this chapter were carefully selected with the goal to
identify and evaluate potential EV regulatdZsindidates, which were defined here as
elements that were targeted in the scope of this thesis, were selected based on extensive
literature search and evaluated with bioinformatic t¢®I%). In addition to this, various
approachewere used and thesangedfrom cell culture(2.2), genetic manipulations of PCa

cells(2.2), and alsancludedboth standard and novel methodology to measure the effect of
theseperturbationon the parent cell®.32.6), corresponding EVE.4), as well as EV
recipient cellg2.5).

2.1 Bioinformatic tools
2.1.1 Candidate interaction network

To explorerelationships of the selected candidates, the Biological Effector Database (BED)
(https://anaxomics.com/biologiceffectorsdatabase.phflborraEgea et al., 201 ®reated

by our ProEVLifeCycle consortium partnAnaxomics was used to analyse the general
interaction networlof the selected candidate genes. The BED is a proprietary database
containing information from publicly available datasets aralssmanually curated from
publishediterature including network informatioifhe network analysis wasibsequently
visualised incytoscape. The interaction network was created by our collaborators Pedro

Matos Filipe and Dr. Judith Farrés at Anaxomics.

2.1.2 Artificial neural network s (ANN)

A machine learning model developed by Anaxonfliexying et al., 2011jvas used to
investigate ifthe set of candidate genes overlap with various known pathwBgythis, we
mean that the candidate list in its entirety will encompass genes that are involved in a number
of biologically welldefined pathwaysand the algorithm will identify these overlag$e
algorithm is baed onANN, that were trained in a crosslidation protocol using the BED as
described recentl{SeguVerges et al., 2022The output of the model is a relationship score
that ranges from 0% to 100%. A higher score corresponds to a higher likelihood of interaction
between the protein of interest and the investigated pathway. The significance of the ANN
scores were evaluatedanMonte Carlo simulatioand he method was validated arecent
study (Artigas et al., 2020)

47


https://anaxomics.com/biological-effectors-database.php

The pathways explored hemee those thaire relevant for EV biogenesis, transport, or

release. For this purpose, relevant gene sets (tal)lev@re selected from various sources:

Gene ontology@O) terms associated with EV biogenesis, transport or release were selected
from https://www.informatics.jax.org/vocab/gene_ontologhe GO terms for the ESCRTI

and Il (GO: 0000813 and G0O:0000815) did not provide a comprehensive list of all ESCRT
components that have been described to be involved in EV biogenesis. Hence, | combined the
aforementioned GO terms and additionally incluttezke genes that were desedlby

(McGough and Vincent, 2016, van Niel et al., 20tBbe involved in EV biogenesis.

The functional hierarchical clustering analysis was performealibgollaborators Pedro

Matos FilipeandDr. JudithFarrés, at Anaxomics.

Table 2.1:Gene lists for the functional hierarchical clustering analysis

For the functional hierarchical clustering analysis of the 17 selected candidates, several gene
lists were compiled using the following sources outlined below. Some additional genes
(specified) are included to provide fuller coverage of ES€&ated macheries. Selected
candidates that were also included in the specified gene list are found in the column on the

right.

Gene list/origin Named Includes the following
candidates

GO: 1903543 Exosomal secretion Rab7a

GO: 1905668 Endosomal localisation -

GO: 0051047 Upregulation of secretion | Rab7a, Rab27b

GO: 0060627 Vesicle mediated transport | PCLO, Rab7a, Rabl1b

GO: 0031340 Vesicle fusion -

GO: 0000813 ESCRT | VPS28

GO: 0000815 ESCRTIII CHMPA4C

GO: 0000149 SNARE binding STX6, VAMP3

GO: 0099023 Vesicle tethering -

GO: 0000813and0000815| ESCRT VPS28, CHMP4C

and adding the following
genesHRS, STAML1,
STAM2, CEP25ALG-2,
ARRDC1,VPS37A,
VPS37C, VPS37D,
MVB12A, UBAP1,EAP1,
EAP20,EAP30,EAP45,
CHMP1A, CHMP7,IST1,
VPS4
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Extracted from Vesicle mediated transport | Rab6a, STX6, VAMP3,
reactome.org CHMP4C

Created by Anaxomics | Apoptosis -
(seeAnnex A

2.1.3 CancerTool

Thepotential clinical relevance of tteandidates was examined utilising CancerTool
(http://genomics.cichiogune.es/CANCERTOOL/index.html) a Wwasedioinformatic tool

to exploits publicly available transcriptomic data g€isrtazar et al., 2018Ywo data sets

were included in this analysis. The TCGA dataset (patient cohort size (n{@anper

Genome Atlas Research et al., 2013, Cancer Genome Atlas Researclw@9uSgd to

explore the differences in mMRNA levels between the identified candidates and PCa status by
both Gleason Score3dS) and diseasé&ee survival (DFS)The latter is defined as the

recurrence of the disease after the treatment has finished and the patient was deemed disease
free. The DFS dataset in cancertool is retrieved fntyws://portal.gdc.cancer.goVf needs to

be noted that the DFS calculated here represents a crude overview of the DFS irrespective of
the perceived treatment and how the DFS was assessed. While this analysis provides an
excellent general overview, the authors of the paper admithisatarrants caution when
interpreting the data and to gain a deeper understanding an extensive analysis of the primary
data set would be required e.g., by separate the patients into subgroups based on the received

treatment.

To gain a more comprehensive overview of the respective candidate transcript levels in
normal tissue (N), the primary tumour (PT) and the metastiatéc(M) hence revealing
possible correlation with disease statpe Taylor data set (patient cohort size n=185) was

additionally included in the analygi$aylor et al., 2010)

2.2 Cell culture
2.2.1 Monolayer cell culture

The highly metastatic PC3 cell line is a patient derived bone metdGdicell line. The cell
line was a kind gift of Dr Hector Peinado (Centro Nacional de Investigaciones Oncoldgicas

(CNIO), Spain) who received them fresh from the biobank, and immediately performed a
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series of validation experiments to certify their specification. This involved usorg s

tandem repeairofiling. The consortium partners received cell stocks following this from Dr
Peinado, in the interest of harmonising materials throughout the ProEVLifeCycle consortium.

The cells were maintained at Bégree () Celsius C) with 5% Carbon dioxidgCO;) in

Dul beccods Modified Eag!| &0oEhe ihbeidwas supplerDedtedV) Gl
with 100 U/ml penicillin (Sigm&A |l dr i ch, UK), 100 e-gldrioch] strept c
Dorset, UK), 2 mM Lglutamine (SigmaAldrich) and 10%foetalbovine serum (FBS). When

the cell monolayer reached 90% confluency, the cells were washeBuwitacco's

Phosphatduffered SalindDPBS and proteolytically detached from their substrate with
TrypsinEDTA at 37°C/5% COQfor up to 5 min. The dissociation process was stopped by

addng FBS and after a DPBS wash cells were then passaged to a new cell culture flask
containing fresh medium supplemented with 10% FBS. This split was performed twice a

week.

The lungfibroblast cell line AG02262, obtained from the National Institute of Aging Cell
Repository, at the Corriell Institute for Medical Research, is a primary diploid normal

fibroblast cell of lung origin, isolated from a healthy male damitin no evidence of lung

disease. It has been used by the group extensively as a model to investigate aspects of stromal
differentiation and in terms of the response to cancer derived vedidddxber et al., 2010,

Webber et al., 2016, Yeung et al., 2018, Webber et al., 20h&%e fibroblasts were grown in
DMEM:F12 (Gibco- Thermo Fisher Scientifjaccontaining 100 U/ml penicillin (Sigma

Aldrich, UK), 100ug/ml streptomycin (Sigmaldrich, Dorset, UK), 2 mM Lglutamine
(SigmaAldrich) and 10% FBS.

2.2.2 shRNA-mediated knockdown of candidates within PC3 cells

Lentiviral vector systems allow the exploitation of the endogenous RNA interference system
of cells to generate stable attenuation of a target mMRNA. Here, we used MISSION® short
hairpin (sh)RNA lentiviral transduction particles (Sigr#edrich) for establishing KD of our
candidate genes. Additionally, the usage of a pLKfufo cassettallows the selection of
successfully transduced cells by puromycin resistah@hRNA sequence targeting a Ron
mammaliartarget was also included and the transduced cells are hereafter termed@NMC.
amended risk assessment was approved by the Cardiff University Genetic Modified
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Organisms safety committee for the new candidates identified for this pilopeet project
reference: GM130/634)

For transductions, PC3 cells were plated at 4,000 cells/well inveeBlate (Greiner) in

DMEM GlutaMAXE supplemented with 10% FBS, at a confluency of approximately 50
60%. After 24 h, PC3 cells were transduced with lentiviral particles (table 2.2) at a
multiplicity of infection (MOI) of 20, in
Aldrich), a catonic polymer which can increase transduction efficiencies. The MOI was
calculated as following:

(total number of cells per well) x (Desired MOI)
= total transducing units needed (TU) (total TU needed) / (TU/ml reported on vial)

= total ml of lentiviral particles required

The transduction unit (virus titre) was provided by the supplier. For each fargetifferent

shRNA sequences were used, as the performance of KD can be variable. In the past, exploring
five distinct ShRNA sequences per target has resulted in at least one of these downregulating
the specific mMRNA by 80% or more. 24 h after the transduction, the media was replaced with
fresh prewarmed DMEMGIutaMAXE supplemented with 10% FBS containingg/ml

puromycin. This puromycin dose had been predetermined o906 of nortransduced

cells, within the first 24 h. The transduced cells were passaged twice a week, aiming to
achieve 6 passages fairly rapidly, in order to fully eliminate infectious virus particles from the
system, in accordance with the formal safetyuirements. After a total offiassages, and not
before this stage, the transduced cultures were considered as virus free, and amenable
evaluationsandincluding theexplorations of vesicle expulsion. The containment

requirements prevented significdrandling of the cells up until this point.
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Table 2.2: Table of MISSION® lentiviral particles (Sigma-Aldrich) used to transducePC3cells.

Target | Clone ID Oligo Sequence Clone Name
8 TRCNO0000291711 CCGGGCTGTTCGGATTTAACTTCATCTCGAGATGAAGTTAAATCCGAACAGCTTTTTG NM_001769.2150s21cl
= TRCNO0000057609 CCGGCCTGCTCTTCGTCTTCAATTTCTCGAGAAATTGAAGACGAAGAGCAGGTTTTTG NM_004356.276s1cl
TRCNO000038117] GTACCGGCACATGTAGGTGGCGTGTATGCTCGAGCATACACGCCACCTACATGTGTTTTTT{ NM_004356.31128s21cl
0‘_05 TRCNO0000382433 GTACCGGACATCCTGACTCCGTCATTTACTCGAGTAAATGACGGAGTCAGGATGTTTTTTTE NM_004356.31429s21cl
© TRCNO000030029] CCGGCCTGCTCTTCGTCTTCAATTTCTCGAGAAATTGAAGACGAAGAGCAGGTTTTTG NM_004356.3269s21cl
TRCNO0000300299 CCGGGATCATGATCTTCGAGATGATCTCGAGATCATCTCGAAGATCATGATCTTTTTG NM_004356.3875s21cl
TRCNO0000179569 CCGGGATGGCACACTTTCTACCATTCTCGAGAATGGTAGAAAGTGTGCCATCTTTTTTG NM_152284.2425s1cl
O TRCNO0000147799 CCGGGCGATGAAATCTGTTCATGAACTCGAGTTCATGAACAGATTTCATCGCTTTITTTG NM_152284.2521s1c1
é TRCNO0000146314 CCGGCCAAGAAATCTCAGAAGCATTCTCGAGAATGCTTCTGAGATTTCTTGGTTTTTTG NM_152284.2604s1c1
5 TRCNO0000179244 CCGGGACAAATATCCGCCTTCCAAACTCGAGTTTGGAAGGCGGATATTTGTCTTTTITTG NM_152284.2718s1c1
TRCNO0000297971 CCGGCCAAGAAATCTCAGAAGCATTCTCGAGAATGCTTCTGAGATTTCTTGGTTTTTG NM_152284.3600s21cl
TRCNO000001345§ CCGGGCACACAGATTCACTTTAATTCTCGAGAATTAAAGTGAATCTGTGTGCTTTTT NM_004862.11266s1cl
TRCNO0000013459 CCGGGCATGAATCCTCCTTCGTATTCTCGAGAATACGAAGGAGGATTCATGCTTTTT NM_004862.1397s1cl
E TRCNO000001346( CCGGGCCCACCTTCATGTCTTCTTTCTCGAGAAAGAAGACATGAAGGTGGGCTTTTT NM_004862.1831s1cl
= TRCNO0000297834 CCGGGCACACAGATTCACTTTAATTCTCGAGAATTAAAGTGAATCTGTGTGCTTTTTG NM_004862.31265s21c1
TRCNO000028044(0 CCGGGCCCACCTTCATGTCTTCTTTCTCGAGAAAGAAGACATGAAGGTGGGCTTTTTG NM_004862.3830s21cl
TRCNO0000056483 CCGGGCCCTATTAAAGGAGAGAGAACTCGAGTTCTCTCTCCTTTAATAGGGCTTTTTG NM_033026.21077s1cl
8 TRCNO0000056484 CCGGCCACGAAATTATGTCCTAATTCTCGAGAATTAGGACATAATTTCGTGGTTTTTG NM_033026.21773s1cl
. TRCNO0000056489 CCGGCCTCTGTCTATGGGCTTGATTCTCGAGAATCAAGCCCATAGACAGAGGTTTTTG NM_033026.22533s1cl
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TRCNO0000448167

CCGGACCGAGGGCTATACGACTAAACTCGAGTTTAGTCGTATAGCCCTCGGTTTTTTTG

NM_033026.511387s21cl

TRCNO000044167¢ CCGGGGATGCTAATAGAGGATTATACTCGAGTATAATCCTCTATTAGCATCCTTTTTTG NM_033026.56135s21cl
TRCNO0000293979 CCGGGACGCCATGGGCTTCTTATTACTCGAGTAATAAGAAGCCCATGGCGTCTTTTTG NM_004163.3382s21cl
0 TRCNO0000293974 CCGGCCAGTCAACAGAGCTTCTTAACTCGAGTTAAGAAGCTCTGTTGACTGGTTTTTG NM_004163.3416s21cl
~
N TRCNO000004769] CCGGGCCAACTGCAAGCAAATGCTTCTCGAGAAGCATTTGCTTGCAGTTGGCTTTTTG NM_004163.3455s1cl
é TRCN000028665 CCGGGCCAACTGCAAGCAAATGCTTCTCGAGAAGCATTTGCTTGCAGTTGGCTTTTTG NM_004163.3455s21cl
TRCNO000029401 CCGGCATCATCATGGATACTCAATTCTCGAGAATTGAGTATCCATGATGATGTTTTTG NM_004163.3995s21cl
TRCNO000038033 GTACCGGTGATGATGTGTGCCGAATATTCTCGAGAATATTCGGCACACATCATCATTTTTTG| NM_006861.4475s21c1
§ TRCNO0000380080 GTACCGGTTCACGAAATCAACCAGAACTCTCGAGAGTTCTGGTTGATTTCGTGAATTTTTTG| NM_006861.4453s21c1
é TRCN000038000] GTACCGGGGAGAATGTCAACGTGGAAGACTCGAGTCTTCCACGTTGACATTCTCCTTTTTTY NM_006861.4601s21c1
TRCNO000004790§ CCGGAGCTTCCAGATCCGAGACTATCTCGAGATAGTCTCGGATCTGGAAGCTTTTTTG NM_175738.21042s1cl
TRCNO0000047909 CCGGCTATGTAGAGTCCCAGAAGAACTCGAGTTCTTCTGGGACTCTACATAGTTTTTG NM_175738.21059s1cl
g TRCNO0000047904 CCGGCCGAAGCGTCACCCATGCTTACTCGAGTAAGCATGGGTGACGCTTCGGTTTTTG NM_175738.2711s1cl
o TRCNO0000047904 CCGGGCAGCGAAAGAGTGATCCGTTCTCGAGAACGGATCACTCTTTCGCTGCTTTTTG NM_175738.2878s1cl
TRCNO0000381944 GTACCGGGCTAGGCAACAAGGCGGATATCTCGAGATATCCGCCTTGTTGCCTAGCTTTTTT( NM_175738.4869s21c1
TRCNO0000047983 CCGGCGTTGGAAAGACATCTTTGATCTCGAGATCAAAGATGTCTTTCCAACGTTTTTG NM_002869.4590s1cl
- TRCNO0000379594 GTACCGGACACCTATCAGGCAACAATTGCTCGAGCAATTGTTGCCTGATAGGTGTTTTTTTE NM_002869.4640s21c1
% TRCNO0000379494 GTACCGGCATCATGCTAGTAGGAAATAACTCGAGTTATTTCCTACTAGCATGATGTTTTTTG | NM_002869.4881s21cl

TRCNO000038250(

GTACCGGGACAAGAGGCAAGTGTCAATTCTCGAGAATTGACACTTGCCTCTTGTCTTTTTTCG

NM_002869.4915s21cl

TRCNOO0037958§

GTACCGGGAGCTGAATGTTATGTTTATTCTCGAGAATAAACATAACATTCAGCTCTTTTTTG

NM_002869.4960s21cl
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TRCNO0000380571 GTACCGGGGTTATCATCCTGGGAGATTCCTCGAGGAATCTCCCAGGATGATAACCTTTTTT( NM_004637.5262s21cl
TRCNO000037995( GTACCGGACCAGTATGTGAATAAGAAATCTCGAGATTTCTTATTCACATACTGGTTTTTTTG | NM_004637.5309s21c1
E TRCNO0000229641 CCGGGGCTAGTCACAATGCAGATATCTCGAGATATCTGCATTGTGACTAGCCTTTTTG NM_004637.5396s21cl
é TRCN0000229644 CCGGACTGCTGCGTTCTGGTATTTGCTCGAGCAAATACCAGAACGCAGCAGTTTTTTG NM_004637.5477s21cl
TRCNO0000381534 GTACCGGACGTAGGCCTTCAACACAATTCTCGAGAATTGTGTTGAAGGCCTACGTTTTTTTG NM_004637.5904s21cl
TRCNO000041686] CCGGACAGCAGTATCCGTGCTCATGCTCGAGCATGAGCACGGATACTGCTGTTTTTTTG NM_005698.21070s21cl
™ TRCNO0000146864 CCGGCTAGGAATTGTCATGCTGAAACTCGAGTTTCAGCATGACAATTCCTAGTTTTTTG NM_005698.21127s1cl
% TRCNO0000436484 CCGGTGACTTAGCTCCCGTCCCTAACTCGAGTTAGGGACGGGAGCTAAGTCATTTTTTG NM_005698.21338s21cl
Ltf)) TRCNO0000148974 CCGGGACTTGGAGAGACATCACTAACTCGAGTTAGTGATGTCTCTCCAAGTCTTTTTTG NM_005698.21368s1cl
TRCNO00001485294 CCGGCGGAGTGACAGTTCATTCAATCTCGAGATTGAATGAACTGTCACTCCGTTTTTTG NM_005698.2929s1cl
TRCNO0000229795 CCGGGAGTCTGGCAAGGCTTATAAGCTCGAGCTTATAAGCCTTGCCAGACTCTTTTTG NM_003825.2371s21cl
o TRCNO0000218039 GTACCGGGTGGATACATTAAACGCATAACTCGAGTTATGCGTTTAATGTATCCACTTTTTTG | NM_003825.2501s21cl
E TRCNO0000144789 CCGGGCAATGAGATTGATGCTCAAACTCGAGTTTGAGCATCAATCTCATTGCTTTTTTG NM_003825.2612s1cl
% TRCNO0000142094 CCGGGCCAGAGCAAAGAAACTCATTCTCGAGAATGAGTTTCTTTGCTCTGGCTTTTTTG NM_003825.2698s1cl
TRCNO0000218715 GTACCGGGAAACTCATTGACAGCTAAAGCTCGAGCTTTAGCTGTCAATGAGTTTCTTTTTTG| NM_003825.2709s21cl
TRCNO00000594671 CCGGCACAGCAACAAGGGAAGAAATCTCGAGATTTCTTCCCTTGTTGCTGTGTTTTTG NM_005819.3279s1cl
TRCNO0000059464 CCGGGCATAGTTGAAGCAAATCCTACTCGAGTAGGATTTGCTTCAACTATGCTTTTTG NM_005819.3377s1cl
© TRCNO0000059466 CCGGGACAATGTGATGAAGAAACTTCTCGAGAAGTTTCTTCATCACATTGTCTTTTTG NM_005819.3817s1cl
e
(2]

TRCNO000029194¢6

CCGGGCATAGTTGAAGCAAATCCTACTCGAGTAGGATTTGCTTCAACTATGCTTTTTG

NM_005819.4443s21cl

TRCNO000379554

GTACCGGATGCAACTGAATTGAGTATAACTCGAGTTATACTCAATTCAGTTGCATTTTTTTG

NM_005819.4479s21cl
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TRCNO0000158364

CCGGCTAAGCAGATGTACTGCGTGTCTCGAGACACGCAGTACATCTGCTTAGTTTTTTG

NM_004710.2190s1cl

~ TRCNO0000178871 CCGGCTTCCTGTGGTTTGTTGGTTTCTCGAGAAACCAACAAACCACAGGAAGTTTTTTG NM_004710.2377s1cl
é TRCNO0000420094 CCGGCCCATGTGCTACTGACAAGTGCTCGAGCACTTGTCAGTAGCACATGGGTTTTTTG NM_004710.31008s21cl
5) TRCNO0000427954 CCGGGCCGCTATTATCTGCGTTCTCCTCGAGGAGAACGCAGATAATAGCGGCTTTTTTG NM_004710.31065s21cl
TRCNO000041415] CCGGCATCTGTGGACAACTACCAACCTCGAGGTTGGTAGTTGTCCACAGATGTTTTTTG NM_004710.3620s21cl
TRCNO0000380474 GTACCGGACCAGAAGCTCTCTGAGTTAGCTCGAGCTAACTCAGAGAGCTTCTGGTTTTTTT( NM_004781.3234s21cl
TRCNO0000029811 CCGGCAGGCGCTTCTCAATTTGAAACTCGAGTTTCAAATTGAGAAGCGCCTGTTTTT NM_004781.3279s1cl
é TRCNO0000330914 CCGGGCAGCCAAGTTGAAGAGGAAACTCGAGTTTCCTCTTCAACTTGGCTGCTTTTTG NM_004781.3305s21cl
<>E TRCNO00003309194 CCGGGACTTAGAACCTGCTATATTACTCGAGTAATATAGCAGGTTCTAAGTCTTTTTG NM_004781.3470s21cl
TRCNO0000380084 GTACCGGTAAGTTCCAGAGTGCTATAATCTCGAGATTATAGCACTCTGGAACTTATTTTTTG | NM_004781.3663s21cl
TRCNO0000293241 CCGGGAGGGAGAAGTACGACAACATCTCGAGATGTTGTCGTACTTCTCCCTCTTTTTG NM_016208.2186s21cl
TRCNO0000298464 CCGGGCGGTGGTGAAGACAATGCAACTCGAGTTGCATTGTCTTCACCACCGCTTTITG NM_016208.2220s21cl
§ TRCNO0000298465 CCGGGTCAGCCTACAACGCCTTCAACTCGAGTTGAAGGCGTTGTAGGCTGACTTTTTG NM_016208.2717s21cl
>

TRCNO0000004149

CCGGGAGGGAGAAGTACGACAACATCTCGAGATGTTGTCGTACTTCTCCCTCTTTTT

NM_016208.x186s1cl

TRCNO000004151

CCGGGTCAGCCTACAACGCCTTCAACTCGAGTTGAAGGCGTTGTAGGCTGACTTTTT

NM_016208.x717s1cl
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2.3 Cell characterisation
2.3.1 Bicinchoninic acid (BCA) protein assay

The MicroBCA Protein Assay kit (Thermo Fisher Scientific) was used to determine protein
concentrationsf cell lysatesand EVs. For this purpose, a-pgint serial dilutiorof a

certified standartovine serum albumisolution(BSA) ranging fronDe g 1 BBA to 2,00

e g 1 was performed to generadestandard curve. To determine EV protein concentrations,
10¢l of EVs was added to &) DPBS and mixed with the provided Working Reagent (25
parts Micro BCA Reagent MA, 24 parts Micro BCA reagent MB and 1 patdBCA

reagent MC). The mixture was incubated &iG3fbr 35min. Then, the absorbance was read
at 562 nm using a BMG Pherastar plate reader. For the assessment of cellular protein
concentrations, the manufacturers protocol (number 23235) was follBwefly, 150 ul of
sample or BSA standard was added to iB@/orking Reagent (25 parts Micro BCA Reagent
MA, 24 parts Micro BCA reagent MB and 1 part Micro BCA reagent MC) and incubated at
37°C for 2 h. The absorbance was read at 562 nm using a BMG Paepdste reader

2.3.2 Western blotting

Cells weregrown in 6well plates until confluent and subsequently washed with DPBS. The
cells were then lysedith RIPA lysis buffer (Santa Cruz, Texas, USA) containing 1X
protease inhibitor cocktail, 200 mM phenylmethane sulfonyl fluoride (PMSF), 100 mM
sodiumorthovanadate and 1X lysis buffer on ice for 5 min. The lysate was centrifuged at
10,000 x g for 10 min at and the supernatant transferred to new tube and stoi&@ @t
until further use. Protein concentrations were determined using a MicroEB@#btein assay
kit (Thermo scientific)For reducingconditions 20 ug of cell lysate was mixed witinesh20

mM dithiothreitol (DTT; Santa Cruz) in lithium dodecyl sulphate (LDS) sample buffer
(Invitrogen, USA), and boiled at 70 for 10 min. Foisamples analysed under aducing
conditions the addition of DTT was omitted. Then the samples and a molecular weight marker
(SeeBlue® Plus 2 Precision Stain; Life Technologies, USA) were loaded on NUPAGE
precast 412% BisTris gradient gels (Life Technologiesjounted inlx NUPAGEE MOPS
sodium dodecyl sulphate (SDS) running buffer (Life Technologies). The proteins were
separatedby electrophoresis using an InvitrogerPowerEase® 500 (ThermoFisher

Scientific) power supplhandrunning the gel at 90 V for 12 mifollowed by120 V for 90
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min. Proteins were blotted onto methanol activated polyvinylidene fluoride (PVDF)
membranes (GE Life Sciences, UK) at 80 V for 90.rilime protein transfexas done in a
BioRad Mini TransBlot Electrophoretic Transfer Cell (BioRad) filled with 28M Tris, 192
mM glycine (both SigmaAldrich, St Louis, USA) transfer buffer. The membranes were
blockedovernightin 5% (w/v) nonfat powdered milk (Marvel, London, UK) in DPBS
containing 0.5% Tween®20 (Sigrfddrich). The membranes were incubated with primary
antibodies (table 2.3pr 2 h at room temperatu(RT) or overnight at 4C. After the
incubation, the membranes were washeidh@s for 5 min in 0.5%Tween®20 in DPBS
before a 1 h incubation with the secondary goatrantisehorseradish peroxidase (HRP)
conjugate or goat anti rabbit conjugate (Santa CruR)fafhe membranes were subject to
another 3imes5 min washes with 0.5%Tween®20 in DPBS. Enhanced chemiluminescent
substrate (L-Cor) was added to the membranes prior to the detection of the bandsGwith a
Digit blot scanner (LCor, Lincoln, USA).

Table 2.3: Antibodies tested for Western Blotting

Target (Host/Isotype) | Stock Dilution s Catalogue#
concentration tested (company)
CHMP4C 1 mg/mi 1:250 #TA890004
(rabbit/IgG) 1:500 (ThermoFishel
1:1000 Scientific)
SYNGR2 1 mg/mi 1:250 # PA520877
(rabbit/IgG) 1:500 (Thermo
1:1000 Scientific)
SYNGR2 100 pg/:ml 1:200 # sc517053
(mouse/lgG) (Santa Crup

2.3.3 RNA isolation and reverse transcription

Cellular and EV RNA was isolated using a phelpased extraction method to assess

transcriptomic changes upon candidate attenuation, using TagMan gene expression assays

(2.3.49 andRNA-sequencing (B). For the extraction of cellular RNA, cells were grown in 6
well plates (Greiner) until thenonolayer reached confluency. Then, the cells were washed
with DPBS (ife Technologies Limite}] lysed by the addition dfRI Reagent® (Sigma
Aldrich) and transferred into 1.5 ml Eppendorf tubes. Samples were steB&i@t For the

extraction of vesicular RNA, EVs were isolated from cells grown in 9 flasks per replicate

57



(described in detail in 2.4.2.4.2) The isolated EVsvere lysed by addingy ml of TRI
Reagent® (Sigm&ldrich) for 5 min atRT. The EV lysates were thestored at80°C.

The cellular lysates and corresponduggicular lysatesiere subsequently processed the

same way by adding00ni of Chloroform (Sigma Aldrich). Theolution was vigorously

shaken for 15 s. Then, the aqueous and the phenol phase were separated by incubating the
samples on ice for 5 min prior to centrifugation at 16,000 x g for 20abtC.

Subsequently, the aqueous phase was transferred to a new Eppendorf tube containing ice cold
isopropanol. RNA was precipitated overnight20°C. On the next day, the RNA was

pelleted by centrifugation at 16,000 x g for 20 min, & 4nd the isopropanol discarded. The

RNA pellet was washed in 70% ethanol and ckrgs at 16,000 x g for 20 min, at@. This

step was repeated once and the RNA pellet air drizdl DNase and RNasdree HO was

used to resuspend the RNA pellet.

RNA concentrations were determined by measuring the absorbance of the sample at 260 nm
and 280 nnwith aNanoDrof 2000 Spectrometer (ThermoFisher Scientifit)icleic acid

and protein peak absorbance occurs at 260 nm and 280 nm respectively. A 260: 280 ratio ~2
is considered pure RNA and was used as threshold for the work presented in this thesis. A
lower ratio is indicative of contamination with e.groteins and phenol or could be due to a

low sample concentration.

2.3.3.1 Reverse transcription

1 ug RNA was reverse transcribed utilising the random primer method in a final volume of 20
ul per reaction (table 2). As a negative control, RNA was replaced withlecularbiology

grade HO. Samples were loaded oritee S1000 Thermal Cycler (BioRaald

complementary DNA (cDNA) generated, which included an initial primer annealing step at
25°C for 10 min, followed by doxynucleoside triphosphat@NTP) and reverse transcriptase
dependent primer extension at@7for 2 h. The enzyme was deactivated batimg the

samples to 8% for 5 min. The samples were stored8’C.
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Table 2.4: Reverse transcription reaction mix Kit with RNase inhibitor (applied
biosystems by Thermo Fisher Scientific)

Reagent Volume (ul)
10X Reverse transcriptase buffer 2

25X dNTP Mix (100 mM) 0.8

10X Reverse transcriptase random primej 2
Multiscribe ™ Reverse transcriptase 1

RNase inhibitor 1
Nucleaseree HO 3.2

Diluted RNA (1 ug) or nucleaskee HO 10

2.3.4 Quantitative polymerasechain reaction (QPCR)

In order to assess the level of MRNA, TagMan gene expression assays were used. The method

is described in detaih aprevious laboratory publication (Yeung et al., 20E). the PCR
amplifications, 2Qul reactions were prepared containingsld of TaqgqManE Uni ver
Mix (20X),8e | #fleH of a TaqManE gentieingéheforwads si on a
and reverse primer and a TagMan reporter pr@@defrom ThermoFisher Scientific) (table

2.5) andeither 1pl of samplecDNA or HO as a negative ctnol. Thesamples were loaded

on a StepOnePl&s RealTime PCR System Thermocycler (ThermoFisher Scientific). The

cDNA was amplified in step wise process by heating the sampleS@f&02 min, then

95°C for 15 s, followed by 6@ for 1 min. The cycles were repeated 40 times.

The cycle threshold (CT) value marks the amplification cycle where the target gene
amplification is in the linear range and crosses a set threshold. The comparative CT method
was utilised to determinghanges in the relative gene expression of a target of interest across
samples. GlyceraldehydepBosphate dehydrogenase (GAPDH) was used as a reference
gene as this has been demonstrated to be stable in these cells by previous members of the

group,and the relative gene expression calculated as follows:

CpCpC t = targét dendl CTGAPDH) treatment cell line = (CTtarget Gene | CTGAPDH) control cell line

Relative expression= 2 ®®CT
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Table 2.5: TagMan assays used for this work

TagMan assay for | Assay ID Cataloguenumber
CD9 Hs00233521 ml 4331182
CD81 Hs00174717 ml 4453320
CHMP4C Hs00298926 m1l 4448892
GAPDH Hs99999905 m1l 4351370
LITAF Hs01556090 m1 4448892
PCLO Hs00382694 m1l 4448892
Rab6a Hs00818388 m1l 4448892
Rab7a Hs01115139 ml 4453320
Rab11b Hs00188448 m1l 4331182
Rab27b Hs00188156 m1l 4448892
Rab35 Hs00199284 m1l 4331182
Rab37 Hs01005170 m1 4448892
STX6 Hs00274072 m1 4448892
SYNGR2 Hs00855143 g1 4448892
SNAP23 Hs01047496 ml 4448892
VPS28 Hs01598026 m1 4448892
VAMP3 Hs00922164 m1l 4448892
SCAMP3 Hs00903114 ml 4448892
IL-6 Hs00174131 ml 4453320
HGF Hs00300159 m1l 4453320
ACTA2 Hs00426835¢g1 4453320

2.3.5 Detecting surfaceantigens by flowcytometry

The generated PC3 cell variants were growdessribed (2.2.10nce, 80% confluent, cells

were harvested using trypsin (Lonza) and transferred-teedbv-bottom plates (Greiner) at
100,000 cells/well. Cells were washed with 1BMPBS and centrifuged at 600 x g for 5

min. The experiments were agb to include the conditions summarised in table 2.6.

Table 2.6: Overview of samples included in flowcytometry experiments.

Cell type/ treatment

Purpose

(permeabilised)

Mix of PC3ANMC cells and PC3 KD cells

Mixed with not permeabilised cells used for
gating (positive signal for the viability dye,
representing dead cellsee table 2.7 for
detailsabout the dye

Mix of all PC3NMC cells and PC3 KD
cells (not permeabilised)

Mixed with permeabilised cells used for
gating (negative signal for the viability dye,
representing viable cells).

Mix of all PC3NMC cells and PC3 KD
cells (isotype controls)

Assess an-specific binding

PC3 KD cells (antibody treatment)

Assess KD efficiency at protein levels

PC3NMC cells (antibody treatment)

Used to compare constitutive expression
levels of the target
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As a control, one treatment condition included cells that were permeabilised withi %0
permeabilization buffer for 10 min. All cells were labelled, by incubating the samples with 20
pl antibody mix or isotype control (table 2.7) for 30 min & 4n the dark. Subsequently,

cells were washed with DPBS and fixed witbOuL 25% fixation buffer (1 part IC Fix

buffer: 3 partDPBS)

For multicolour compensation on the flow cytometer oneComp beads (Thermo Fischer
Scientfic) were used. For this purpose, one drop of OneComp beads was added}ib one 1
antibody and mixed by vortexing. Subsequently the mix was incubated for 15 Rilrirat

the dark. Beads were washed with 1 ml DPBS prior to centrifugation at 600 g for 5 min. The
supernatant was discarded, and the beads resuspendedinBS.

All samples were analysed with theBD FACSVersecytometer (BD Biosciencesisingthe
FACSuite v1.2.1 softwar@D Biosciences)

Table 2.7: Antibodies used for flow cytometry

Antigen/dye Stock Final Catalogue #
(Flourochrome) concentration | concentratiofDilution | (company)
Anti-CD81 200 pg/ml 20 pg/ml #FAB1880R100UG
(Alexa647)) (R&D)
Anti- CD9 (PE) 12 ug/m 1.2ug/m #12-009842
(eBioscience
IsotypemIgG: (PE) -not specified, |5 ¢ 4celld 0 #12-471442
(eBioscience
IsotypemIgGzp -not specified, |5 ¢ 9ceélld O # ICO041R R&D)
(Alexab47)
Viability dye 1,000 x 1: 1,000 Thermo Fisher
(AlexaFlour780) Scientific
# 65-086514

The gating strategy is visualised in Figure 2.1. First, the forward scatter heighH)RS@d
forward scatter area (FS&) channels were utilised to gate singlet cells which cluster around
a diagonal axis. Doublets cells which appedaager cells off the diagonal axis were
excludedNext, the side scatter area (S8Land FSCA channels were used to eliminate cell

debris based on their granularity from further analysis. As a final stepAFR&@hbined with
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the viability dye channel was utilised to exclude dead cells (positive staifimg uiability
dye binds to intracellular amines that are only accessible for the dye following
permeabilization of the cell membrarizata were analysed using

FlowJo v10.8.1_CLFlowJo_v10.8.Marker expression wamnalysed focusing on
percentage/proportion of cells expressing the marker comparedNdi@Gecells

250K =
200K =

150K =

FSC-H
S5C-4

100K =

] singlets
sk =B8

0 0K 100K 150K 200K 250K q 5UIK 100K 15Im< 20Im< 250K
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FSC-A

~ 100K —

S0K =

Comp-APC-Cy7-4 o viahility cye APC-Cy7-

B e e e B | T
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FSC-A Comp-PerCP-Cvs.5-4 o PerCP-Cv5.5-A

Figure 2.1: Gating strategy usedfor the analysis of surface proteins bylow cytometry.

Representative stepwise gating strategy and associated dot plots for the flow cytometry
analysis. First, single cells were gated based on size-kF&@ FSEA). Doublets localised
outside the diagonal axis were excluded at this step. Then cell debriexgkréed from
further analysis using the SSCand FSCA channels. As final step FS& combined with

the viability dye channel was utilised to exclude dead cells (positive staining).

62



2.3.6 Assessment of cell proliferation

Cell proliferationwas determined using watsoluble tetrazolium WSB (OrangUE

CellGS). In the presence of mitochondrial NAD(P)H, WST is cledawddrmazan, a dye.

Hence the concentration of formazan correlates with the number of active mitochondria and
provides a surrogate measure of live, proliferating cells when performed longitudinally. To

assess cell proliferation upon puromytigatment, PC3 cells were counted in a Neubaur

chamber and plated af0®0, 5 000 or 1,000 cells/ well in a 96vell plate (Greiner) in

DMEM GlutaMAXE supplemented with 10% FBS. The cells were treated with puromycin

(up to 10 eg/ ml). Cell proliferatiodn was ass
WST-8 /well for 1 h or 1.5 lat 37°C. The absorbance was measured at 450 nm and 650 nm

using a PHERASstar FS Microplate Reader.

2.4 EV characterisation
2.4.1 Conditioned media collection and EV isolation

2.4.1.1 Media preparation

For experiments requiring a media with a low particle concentration, medigre@eed as

following. First, EVs and other particulate matter were removed from the FBS by a

centrifugation at 100,000 x g for 18 h. Then, the FBS was filtered using consecutively, a 0.22

em filter and a 0.1 em filter (Milipore), to
aggregates formed due to centrifugation. DMEM GlutaNEAMas supplemented with 5%

EV depleted FBS. Afterwards the DMEM GlutaM&X supplemented with ENtee FBS was

filtered again with a 0.1 em filter.

2.4.1.2 Conditioned media collection

FBS is composed of a poorly defined mixture of cell growth promoting components, which
also include EVs, lipoproteins and protein complexes that are difficult to distinguish in size
and density from theultured cell derived EV'STo minimise FBS derived contaminations, the
PC3 cells were starved as outlined bel®&3 cell variants were seeded at 8.75 %cHlls

per T25 flask (Greiner Bi®ne) in filtered EV-free mediaZ2.4.1.1) untilthe cell monolayer
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reached 80% confluency. Then, the cells were washed with DPBS and fresm0.1f i | t er e d
DMEM GlutaMAXE without FBS was added to the cells for 48 h or 72 h pri@Nb
collection.Reaching a sufficient EV yield to performtersive characterisations and

functional experiments igchallenge of the EV field. Here, to increase the EV yield, a 72 h
conditioning time point was includedheextended time point could possibly impact thescell
and lead tee.g., aeduedcell viability andtheinductionof autophagyThereforethe cells
weremicroscopicallyinspected at each collectiitmepoint which showed a lack @iny

gross differencefor both time pointsTo assess possible changes in the EV type, a
comparison otheEV size distribution by Nanoparticle tracking analysis (NTA) and the
expression of tetraspanins by EVQuwais performed on isolated EVs frahe48 h and 72

h conditioning time poirstandshowed a high overlap in these vesicular featimeboth time
points(data not shown)A cell count wagperformed at the collection poiris allow assays of
vesicles to be normalised for potential differences in cell number across flasks/conditions at
the media harvest point. To pellet any floatosils and cell debris, the CM was subject to
differential centrifugation including the following steps: 400 x g for 6 mirf@t 4nother
centrifugation at 400 x g for 6 min at@ followed by 2000 x g at 4°C for 20 miriThe pre
cleared CM was filtered throughDa. 2 2pore fitier to remove larger particles. The purified
CM was stored a80°C.Where indicated the CM was corrected for cell numbers and termed
Cell number corrected conditioned me(t&M) (table 2.8).

Table 2.8: Calculations for the normalisation of CM.

NMC KD 1
Collected CM Collected CM 5mi 5mil
Cell number 50,000 100,000
Correction factor | 1 2
CM normalised | Final volume 10 mi 10 mi
to 50,000 cells | CM sample 10ml (10 ml/ 1) 5 ml (10 ml /2)
(cCM) Filtered media 0 ml (10 m{10 ml) 5ml (10 mli 5 ml)

2.4.2 Ultracentrifugation

To isolateEVs from the precleared CM, the CM was subiject to ultracentrifugation at 100,000

X g (Rnax) in a fixed angle 70Ti rotor (Beckman Coulter) for 2 h at 4°C. The supernatant was
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removed and the visibjeellet of EVs was then resuspended in DPBS and aliquoted before
storage at80°C.

For the functional experiments, the CM, EV depleted media and isolated EVs were
investigated. To achieve this, CM waspteared as described abaued normalised to cell
number (table 2.8)0One aliquot of the sample was kegpresenting the whole secretome of
the PC3 cells. Another aliquot of the prleared mediavassubject to ultracentrifugation at
110, 000 x g (TLA110 fixed angle rotor, Beckman Coulter) for 2 h at 4°C. The supernatant
was transferred into a new tube und used to investifjdtdepleed media, the pelleted EVs
were used to investigate isolated EVs.

2.4.3 Nanoparticle tracking analysis

To determine the size distribution and concentrations of particles in CM, nano particle

tracking analysis (NTA) was used. The measurements were done using a Nd&hd$&a0
additionally equipped with a temperature controlled 488 nm laser module and a high

sensitivity SCMOS Camera System (OrcaFlash 2.8, Hamamatsu C11440, Hamamatsu City,
Japan) and a syringgump system (Malvern Instruments). 100 nm standard latex beads
(Malvern Instruments) were used to assess the accuracy of the NTA measurements and run on
each occasion. Samples were injected with a constant syringe pump speed set to 50 and the
temperature set to 25°Triplicate videos of 30 to 60 s were taken and analysed using

NTA3.1 software (version 3.4uild 3.1.54).

2.4.4 |mmunophenotypingof EVs

There is a consensus in the EV research community, that the assessment of tetraspanins is
deemed a useful possible approach to characterise EVs in a given 8Afeigle et al., 2024)

To evaluate EVs imCM in the scope of this thesis, a microptaesed immunophenotyping
assay was performed. This assay was developkduse, and is similar to commercial

ELISA kits, which involve coating microtiter plates with antibody, capturing EV to the plate
through his affinity interaction, and thereafter detecting-E&ated surface proteins by
biotin-conjugated detection antibody. Thehause nature of the assay allows us to modify

the capture and detection antibodies readily, to explorebp@ssfects olKDs on tetraspanin

expression of EVs.
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Antibodies against CD9, CD81, CD63 or an isotype control (tablea219xg/ml in 0.1%

BSA was added to the wells ohgh binding 9éwell strip plate(cat # 75607 XGreiner Bio

ong and incubated at 4°C. After washing the wells wittD®tfia wash buffer(Perkin

Elmer), remainder protein binding sites were blocked with 1% (wt/vol) BSA in PBS3 Hicatt
RT. Following 3 wash steps with Delfia wash buffePerkin Elmer)cCM wasadded to

the precoated wells in triplicates and incubatedTator 2 h. Thiswas followed by 3vashing
steps with 1XDelfia wash buffe{Perkin Elmer) For the detectionf vesiclespecific surface
molecules biotinylated CD9 or CD81antibodies (monoclonal antibodies from CellGS) to a
working concentration ofjdg/ml in 0.1% (wt/vol) BSA in PBS was added overnight at 4°C.
After 3 wash steps with Delfia washiffer (Perkin Elmer) streptavidin:europium conjugate
diluted 1:1000 in red assay buff¢Kaivogen)was added for 4&in atRT. The red assay
buffer is validated to be free of interfering substances, allowing the optimal measurement of
fluorescence by europiurilext, the plates were washed 6x with Delfiash buffer(Perkin
Elmer)and enhancement solution was added for 5 mRiTarime resolvedluorescence

(TRF) of europium was measured on a BMG Pherastar plate reader.

Table 2.9: Antibodies used for the microplate based immunophenotyping of EVs.

Antigen Isotype Stock Dilution (final =~ Catalogue #
(Host) concentration concentration) (company)
(mg/ml) (1 pg/ml)

Anti-CD9 (mouse)  1gGab 0.5 1:500 #MAB1880 (R&D)

Anti-CD63 (mouse) 1gG: 1 1:1,000 #MCA2141 (BioRad)

Anti-CD81 (mouse) 1gG: 1 1:1,000 #MCA184EL
(Bio-Rad)

lgG1 (mouse) - 0.5 1: 500 #14471482
(ThermoFischer
Scientific)

IgGan (mouse) - 0.5 1:500 #14473285
(ThermoFisher
Scientific)

2.4.5 EVQuant

The EVQuan(Hartjes et al., 2020¥ not yet a generally accepted method in thefieM, but

it is an assay platform that has been develo
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Erasmus MC, Rotterdam, Netherlands and has been utilised in various @ligiesp et al.,
2022, Blijdorp et al., 2021, Erozenci et al., 202t)s a confocal imagingpased method,
involving the labelling of vesicles with fluorescent dyes and antibodies, followed by their
immobilisation in an optically compatible gel. The data shown herein, were collected at

Erasmus MC, under the supervisidrDs Martin van Royen, inventor of the technique.

The proportion of CD9 and CD63 positive EV subpopulations in CM assessed using
EVQuant as described (iartjes et al., 2020Briefly, fluorescently labelled mouse CD9
Monoclonal Alexa Fluor® 647 antibody (c&tMA5-18154ThermoFisherand/or mouse
CD63-Alexa Fluor®488cat#sc5275 AF488Santa Crugwas added to the wells of a deep
well plate, followed by the addition of tH ul of cCM samplesThe plates were sealed,
briefly vortexed and incubated for 2 hRiT protected from the light. 100 of Octadecyl
Rhodamine B Chloride R18 (#a0246, Life Technologie$inal staining concentration of
0.33 ngul) was addedio eachsampleand incubated for 10 min BT. The EVs were
immobilised by adding firs®0 ul of an Ammonium persulfat¢APS) Bis-Acrylamide mix
and therB0 pl of aTMED Bis-Acrylamide mix(table 2.10)

Table 2.10: TMED and APS mix for immobilising EVs.

Mixture Component cat# (company) Per sample (1l)
¢ Acrylamide/Bis Solution 10688.01 89.5
I= (37,5:1 30% wiv) (SERVA)

&)

”§J Ultra pureTMED (100%) 15524010 0.5
= (Life Technologies)

Acrylamide/Bis solution 10688.01 85

y (37,5:1 30% wiv) (SERVA)

€

n APS (10% in water) 7727540 5

% (Life Technologies)

250 pul of each samplmixturewas transferred to 9&ell imaging plates (cellvis). The plate
was imaged with an opera Phenix system with the following settings: 25 fields were scanned,
the exposure time set to 500 ms at 40 um above the bottom of the plate. The Harmony

software was used to determine Rhodamine positive spots which were considered to be EVs
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and fluorescent spots. The data waportedand aR-script was run, which analysed the
fluorescent intensity data of each detected spot across all channels simultaneously, ultimately
determining the concentrations and the composition of the EV population (CD9+CD63
CD9-CD63+, CD9+CD63+ &CDICD63). Thescript is available on request by the inventors

of the assay.

2.5 Functional analysis of EVs
2.5.1 Fibroblast to myofibroblast differentiation assay

Fibroblasts were seeded6rwell, 24-well plates 96-well plates (all Greiner Bk®ne)or

NundE Lab-TekE 8-Well Chamber Glass Slide$tfermoFisherand grown until they
reached 80% confluenclgibroblast in culture release a range of growth factors which could
potential ly i nduStameadiated byeaxtpcrine sighalliagn Therd is al$o
TGF-b1 within bovine FBS which may also contribute to a-nesting endogenous level of
U-SMA expression. To prevent this, fibroblasts were growth arrested by washing the cells
with prewarmed serufree DMEM/F12 (Lonza) to remove residual FBS and then grown in
serumfree DMEM/F12 (Lonza) for 72 bs previously describday our lab(Webber et al.,
2015) Next, fibroblasts were incubated for 72 h with either T6:K0.75 orl.5 ng/m), only
media (negative controlgCM from theNMC andKD cell variantsor isolated EVs from the
NMC andKD cells.A 72 h stimulation was selected because this time point was shown in a
previous study to exhibit pedkSMA polymerisation upon stimulatiqfWebber et al., 2010)
Subsequently, the CM was collected and analysed with EL{S#sion2.5.4). The

fibroblasts seeded in thevell chambers were prepared for microscopy as described below
(section 25.3). The fibroblasts seeded in 9@l plates were assessed feBRIA protein

expressior{section 2.5.2)

2.5.2 Assessment of EV induced: SMA expression in fibroblasts

After 72h of treatment (2.5.1), the fibroblasts seeded iwéls were fixed with 4%
Paraformaldehyde (diluted in DPBS) for 10 min. Subsequently the paraformaldehyde solution
was removed, and the cells gently washed twice with DPBS, before adding DRBSaids
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were stored at 4°C until further use. After removing the DPBS, cells were permeabilised with
0.1% Triton %100 (diluted inDPBS) for 10 min at RT. Subsequently, the cells were gently
washed twice with DPBS. The cells were then incubated with either the primary antibody
targetingld-SMA (Santa Cruz) diluted in 1% BSA in DPBS tqud/ml or the 1Gaisotype

control (eBioscience) at 4°C overnight. Following 3 wash step with 1x Delfia wash buffer
(Perkin Elmer), the cells were incubated with the secondary agtdotdmouse Ig& goat

biotin in 1% BSA diluted in DPBS tb pg/mlfor 1h at RT. Next, the cells were washed three
times with1x Delfia wash buffer (Perkin EImer) and subsequeatireptavidin: europium
conjugatgPerkin Elmer)iluted 1:1,000 in redssay buffer (Kaivogen) was added for 45 min
at RT. Next, the plates were gently washed 6x with Delfia wash buffer (Perkin EImer) and
enhancement solutigiiKaivogen)was added for 5 min at RT. TRF of europium was then
measured on a BMG Pherastar plate reader.

2.5.3 Microscopy

After 72 h oftreatmen{(2.5.1) the fibroblasts were washed with DPBS and fixed with cold
acetone/methanol (1:19r 5 min. Subsequent tdecantingof the solvent, the celhyer was

allowed to air dry inn a Class Il cabinet,ftdly remove any remaining traces. Slides were

stored dry at 2C. To prepare the samples for imaging, the cells were rehydrated with DPBS

for 10 min, washed with DPBS and blackwith5% goat serunm DPBSat 4°C overnight

Then cells were washedith 0.1 % BSA in DPB&nd incubated witkither 1ug/ml primary

anti body -SMA (Santa Cruz) djluted in 0% BSA/DPBS(1 pg/ml) or 1 ug/ml

lgGzaisotype control (eBioscience) overnight &C4The next day, an Alexa488 conjugated

goat anti mouse secondary antibddf her mo Fi sher $in08onti fic) at
BSA/DPBSwas addedor 1 hprotected from the lighetRT.Nuc | ei wer e -st ai ned
diamidince2-phenylindole (DAPIXThermo Fisher Scientifidyom 1 mg/ml stock solution

diluted 11,000 times irDPBSfor 1 min in the dark aRT. Images were taken on the Axio

Observer Z1 (Zeiss) configured with structural illumination capability using an apotome 2.0
moduleand using the Zen Pro Sofiwe A Plan Apochromat 63x/ 1.4 Oil lengas used in

combination withAlexa488/594 and DAPI filter§ he exposure time and intensity was kept

constant across abmplesimageswere exported in TIF format and figures compiled in

PowerPoint.
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2.5.4 Assessment of EMmediated signalling and cytokine production in
recipient fibroblasts
254.1 Enzyme-Linked Immunosorbent Assay (ELISA)

HGF and 11-6 present in th€M from PC3 cells or treated fibroblasts was quantified using
the DuoSet ELI SA systems (R&D Systems) accor
for the last stepvhereHRP-streptavidinwas replaced with europium streptavifton aTRF

readout The wells of a high protein binding ELISA strip-9&ll plate (GreinerBieOne)

were covered with 100l of IL-6 or HGF capture antibody adase of Jug/ml and incubated
overnight aRT. On the next day, the antibody solution wasatided, and the wells washed
three times with Delfia® WasBuffer (1X in water) (Perkin Elmer) prior @dding blocking

buffer (1% BSA in DPBS) for 2 h &T. Subsequently, wells were washed three times with
Delfia® Wash Buffer. An &oint serial dilution of HGF standard (starting &0 pg/ml)

and IL-6 standard (starting at 600 pg/ml) was performed and added to the wells in duplicate.
cCM from the PC3 cell variants @M from the treated fibroblasts was added to the wells for

2 h atRT. Next, the solutions were aspirated, and wells washed with Delfia® Waslr.Buffe
Then, the wells were incubated with a biotinylated goat anti mouse detection antibody raised
against the respective target at the following concentrations: 50 ngh®), @k 200 ng/mi

(HGF). After 2 h aRT, wells were washed 3 times with Delfia® Wash Buffer prior to the
addition of europiunstreptavidin conjugate (Perkin Elmer) diluted in a red buffer solution
(Kaivogen) for 45 min aRT. Following, the wells were washed 6 times with Delfia® Wash
Buffer and incubated with enhancement solution (Kaindder 5 min at RT. The absorbance
was measured byRF on a PHERAstar FS Microplate ReadEne TRF valueof the

standard curve (H6, HGF) were used to extrapolate the protein concentrations in the

samples.

TGF-bl ELISA

TGFbl wasalsoquantified using the DuoSet ELISA systems (R&D Systems) according to

t he manuf ac twhichefolldaved the sane stepsoak outlined above. However, t

detect TGFb1 by t he DuoSet ELI SA kit r-bqui Fes t he
purposeprior to adding the samples to the microtiter plattes samples were acid activated

by mixing the samples with 20 ¢l of 1N hydro
min atRT. Subsequently, the solutions were neutralisettye addi ti on of 20 ¢
sodium hydroxide (NaOH)/ 0.5 M TheBpoltSerialnd 100
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dilution ofthe TGFb1 standard (starting at@0 pg/ml) was performed and added to the
wells in duplicateThe absorbance was measured B on a PHERAstar FS Microplate
Reader. The absorbance values of the standard wenezised to extrapolate the TAR

protein concentrations in the samples.

2.5.5 Proteome Profiler Human PhospheKinase Array Kit (R&D
Systems)

The Proteome profilerPhosphekinase array kits an antibodybasedechnique that allows the
simultaneous detection tie phosphorylation &7 analytesBriefly, cellularlysates or CM
are added tthe providedmembraneswhich containduplicateantibody spot$or each
analyte.Subsequently, hiotinylateddetection antibody is addedhis isfollowed bythe
additionof ahorseradish peroxidas®njugated detection antibodyhich allowsthe
chemiluminescent detectiaf the targets.

In the scope of thithesis fibroblasts were grown in 24ell cell culture plates (BioGreiner)

and once they reached 80% confluency serum starved for 72 h. Following this, the fibroblasts

were treated witR 0 0 [eEEy9omDMEM/F12 for 2 h and then lysed with RIPA lysis

buffer. Protein concentrations were quantified using a BCA as descrit#d.ih The
proteome profiler protocolwasnaccor di ng t o the manufacturer @
use of Chemi Reagent which was replaced with WesternSure PRE@h&vhiluminescen

Substrate (L-iCor), which provides brighter/longer light emission and is hence a better choice

when using the Digit instrumentPhosphorylateg@roteins were then detected using the C

Digit blot scanner (LCor). Densitometry of the dots on the membranes was performed using

ImageJ.

2.6 RNA Sequencing(RNA-Seq)

RNA samples derived from EVs, and corresponding parent cells were prepared to explore
transcriptomic differences induced by the candidate KD. To be more precise, RNA from
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isolated EVs and cells was extracted using a pHeastd method described in 2.3.3 in initial
experimentsA second method, aimed at delivering highly purified vesicular RNA involved

using the exoRNeasy kit (Qiagen) according t

The RNA concentrations of both cellular RNA and EV RNA were determined using the
RNA-specific fluorescent dye baski, QuantiTE RiboGreen® RNA assay

(Ther moFi scher Scientific) according to the
guantity RNA. The fluorescence was measured wBiM& Pherastar plate read@xcitation

~480 nm, emission ~520 nnTjhefluorescencevalues of thdRNA standard curve were and

used to extrapolate tH&INA concentrationsf the vesicular RNA samples.

2.6.1 Pre RNA-seq quality control

The isolated RNA was subject to stringent quality controls both locally at Cardiff University
and at our consortium partner Genomescan. Prior to submitting the RNA samples to
Genomescan, the EV RNA samples were investigated for traces of ribosomal RN®.(rRN

For this purpose, the EV RNA samples were prepared accordiRigAc6000 Pico Kit

(Agilent) instructions. The microchips were mounted on the automated electrophoresis system
2100 Bioanalyzer Systen(agilent).

The traces of the ladder were used to identify 7 peaks (1 marker peak and 6 RNA peaks) and
subsequently assign nt sizes (25 nt, 200 nt, 500 nt, 1000 nt, 2000 nt, 4 000 nt and 6 000 nt) to
the measured run times. The nt size ladder was then used to dssigs o the traces of the
tested EV RNA samples. This analysis was done in Excel and the results visualised in
GraphPad PrisnBamples that lacked rRNAepks were sent to Genomescan for another

guality control using the Agilent DNE72 HS RNA (15 nt) Kion a Fragment Analyzer

(Agilent).

2.6.2 Library preparation and sequencing

The SMARTer® Stranded Total RN8eq Kit v3- Pico Input Mammalian (Takara) with an

integratedRNA depletion step was used by our collaborators at Genomescan for library
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construction. The libraries were then sequenced using the NovaSeq6000 sequencing system
(lumina®) obtaining 15Mase pairl{p) pairedend readsThe library preparation was

checked by calculating ribosomal, globin, and mitochondrial content in each sample.

The subsequent workflow standardised by Genomescan included a raw data quality control,
unigue molecular identity processing, adapter trimming, alignment of short reads, feature
counting. The quality control (QC) of the results included several steps witlidle outlined
below.

A raw data quality contralas performed to detect sample and barcode contamination by
utilising a set of standard quality metrics QC tools by a fpady (FastQC v0.11.9) and-in
house (Genomescan) (FastQA v3.1.27) QC tools. The quality of raw sequence reads was
examined for adapr-pollution, and large number of undefined base reads. Reads with
adaptespollution were identified by an overlap with bases from the adapter sequence set
(TruSeq) and excluded from further analysisrthermorereads were exatied when there
was a high probability of an incorrect base (>40% of the bases average Phred score below
Q15) or > 5 unknown bases were detecbe@ddition to thisreads shorter than 15 bp were
alsodiscardedThe trimmed reads were mapped to the hu@RECh38.p13
(Homo_sapiens.GRCh38.dna.primary_assembly.fa) reference genome using a short read
aligner based on Burrow&/heeler Transform (STAR2 v2.7.10) with default settirfigse

frequency of successful mapping of reads was assessed with NWZSEZ)

2.6.3 Downstream analysis of differentially expressed genes

The processing of the RN#eq data sets was done in collaboration with Ingrid Tomljanovic
(GenomescarNetherlands)For purposes of clustering and visualisation, the raw counts were
transformed by applying the variance stabilizing transformation using the DESeq2 R package.
Using this as the input datadistributed stochastic neighbour embeddir§NE) plots were
generated with the Rtsne package (v0.16) and principal component analysis (PCA) plots were
generated using DESeg2. To determine differenctgitranscript levels upon candidate KD
compared to the NMC cells, DESeq2 was also utilised to perform differential gene expression

analysis. To increase the accuracy of detecting differentially expressed genes, LFC shrinkage
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was applied using the O6apegl mé method. The
Signatures Database v2023.2. Hs (MSigDB) (Liberzon et al., 2015) was used to perform a
gene set variation analysis (GSVA). This was done by applying the GSVA pdokatfe 3)

to the dataset. Furthermore, the biological pathway and cell compartment gene sets from
MSigDB were utilised for gene enrichment analysis (GSEA) by applying the clusterProfiler
package (v4.8.21) (Yu et al., 2012). In addition to this, the plegapackage (v1.0.12) was

used to create hierarchically clustered gene expression heatmaps. The results were compiled
in tables and graphs. Rvalue cut off was set to <0.05 after Benjanrtitachberg correction

for all analyses, unless stated otherwise.

2.7 Statistical analysis

Statistical analyses were performed using GraphPad Prism (version 10). Stadistsctiat

were performed are specified in figures legends. p values less than 0.Cpn&dered
statistically significant. Statistical significance was annotated using the following symbols: ns
= nonstatistical significance, * £<0.05; ** = P<0.01; *** = P<0.001; **** = P<0.0001.
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Chapter 3:

|dentification of potential EV regulators in PCa cells
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3.1 Introduction

The biogenesis of endosomally derived EVs is controlled by multiple intracellular regulators
(reviewed invan Niel et al., 2018Key processes in the formation of this type of vesicles

take place at the endosomal compartment, where the inward budding of the megnasine

rise tolLV s, that encapsulatine vesiculacargo including for instang¢aucleic acids and
proteins.The generation of multiple ILVs eventually leads to the formation of the then termed
MVE. Multiple cellular machineries have been reported to be involved in this process
including an ESCRAependant and an ESCRIdependent mechanisraad will be outlined
below.

The ESCR¥Tdependent biogenesis of endosomal EVs involves the membrane remodelling
ESCRTmachinery(ESCRT 0 Il and associated factors) and components of this machinery
can be incorporated intbe nascent EV¢reviewed inD 6 S o-Schoaey and Schorey, 2018,
Juan and Furthauer, 2018yiefly, ESCRTO0 regulates thbinding of biotinylated cargo at

the late endosomal membrane and recruitment of ESICRRfien, ESCRTl mediates the

initial invagination of the endosomal membrane anddeeuitmentof ESCRTIlI. ESCRII
assembles around the budding neck of the forming ILV and mediates the budding_¥&the

To complete the process, VPS4 is recrugedmediats disassemble of the complexes.

Several studies have explored the role of ESCRT componentsriegihlation of the

secretion of EVs. For instance, Colombo et@g#gmonstrated in HelLa cells that KD of distinct
ESCRTFcomponents has a distinct impact on EXB; of HRS, STAM1 (both ESCRT0
memberspndTSG101(ESCRTI) reduce secretion of CD63 positive EVs, while depletion of
VPS4b hathe opposite effediColombo et al., 2013)mportantly, none of the targeted
attenuatios caused a complete elimination of EV secretion and ttiese resultsuggesthat
multiple EV-biogenesis pathways exiginother study conducted by Stuffers etraported
thattargeting all four ESCRT complexes simultaneously in the HeLa derive@defb line
failed to eliminate EV release completely, furthalidatingthe involvement of ESCRT

independent mechanisms in the generation of Busfers et al., 2009)

76



An ESCRTFindependent mechanism of ILV formation involves the nSMASE mediated
generation of ceramid&he cmeshape structure of ceramide then induoesrd projections
of the membranes resultimg the creation of MVE$¢Trajkovic et al., 2008)Chemically
targeting nNSMASE with GW4869 has been shown to reduce EV secretion for instance
enteroendocrine cal(Menck et al.2017)andPCa cell§Peng et al., 2022} urthermore,
proteins of the tetraspanin family have ab&@n implicated to regulate EV biogenesian
ESCRTFindependent proce¢€hairoungdua et al., 2010, van Niel et al., 20%hjichis

likely mediatedby tetraspaninnduced curvature of the membrafldmeda et al., 2020)or
instance, diminishing the expression of the tetraspanin CD&iteroendocrineells causes
changes of the vesicular phenotypeaga et al., 2012)

Rab GTPases are key regulators of intracellular trafficking, which are involved in regulating
the transport of the fully matured MVE containing the ILVs to the periphery of the cell. A
study by Ostrowsket al.suggestdthat specific RabGTPase regulate distinct steps of the
intracellular transport of MVEgstrowski et al., 2010)fo be more precis¢éhe study

proposed that Rab27b regulates the trafficking of Mwhile Rab27a controls the docking of
the MVE at the cell peripherit has also been proposed that different Rabs control distinct
EV subpopulatioa For instance, our lab found that while KD of Rab35 and Rabl1b in
DU145 PCacells had a similar impact on the number of released EVs, the molecular
phenotype of the released EVs showed a clear KD dependant iampkitius these results

point toEV type specific transport mechanisms.

Upon arrival and docking of the MVEs at the plasma, the MVE fuses with the membrane and
subsequently the vesicles are secreted as exosomes. This fusion event at the plasma
membrane is regulated by the binding of SNARES on the vesicleSIARES) to SNARES

on the target membraneSNARES (Tang, 2020) Various SNAREs have been implicated

in regulating endosomally derived EV expulsion and these include for instance SNAP23
(Verweij et al., 2018)SNAP29(Hessvik et al., 2023ndVAMP3 (Zhu et al., 2015)

Taken together, thgeneration and expulsion BVs is ahighly complexprocessthat is
regulated by a repertoire of intracellular machineries and exhibitypalspecificitiesand

there is wide range of model systems used. Most of the above described studies exrlylored
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one pathway, for instance the ESCRT path{@giombo et al., 2013RabGTPases

(Ostrowski et al., 2010, Hsu et al., 20b@¥actors potentially involved in EV release

(Hessvik et al., 2023However, a comprehensive investigation of EV regulators in PCa cells
covering EV biogenesis, transport and release has not been done yet. This could be achieved
by for instance, a ShRNA screening targeting all candidates potentially involved in these EV
regulating pathways and could provide major insights into these processes. However, this
approach would encompagstentiallythousands of targets and thus pose feasibility questions
in terms of handling the generated cell line variants.

An alternative option to this strategy is a candidate approach, aiming to identify targets based
on previous studies in other model systems and explore their relevance in PCa cells. This
would provide comprehensive insights in the regulation of EVs ingd@aerhaps reveal EV
subpopulations that are most relevant for tur@emoting biological activitiesTargeting

such sukpopulations oEVs, if possible, might be useful in therapeutic settings to constrain
specificEV-mediated effects whilst limiting wesirable consequences of globs

attenuation

3.2 Aims and objectives

The aim of the work described in this chapter is to identify potential EV regulators in PCa

cells. The objectives to achieve this aim are:

1.) Perform a detailed literature searchoirtler to establish a set of candidate

regulators implicated in EV secretion

2.) Validate the appropriateness of the candidates with bioinformatic tools.
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3.3 Results
3.3.1 Selection of candidate factors involved in EV secretion

Our aim is to describe factors regulating biogenesis, transport, and release of EVsand®Ca
thereafter to inhibit these in a PCa cell line and test the effect of perturbations on EV
secretionFor this purposeanextensive literature search was conducted to identify promising
candidates that may be involved ingaecomplex processes

Often factors involved in the biogenesis of EVs are also fouash astegrapart of the
released EV cargo, for instance ESCRT componebiguitin and tetraspanins, and a host of
others.To narrow dowrtheliterature searcH,focused orcargo from endosome derived EVs
that was previouslgescribedor PCa cell lines and annotated in Exocafeocarta is &
openly availablelatabas@roviding a comprehensive summary of tissue specific exosome

cargo.

The 1,053 potential candidates identifiedEkocarta were then included in a manual search in
PubMe®, specifically to identify any factors implicated in EV biogenesis, transport or

release. This aspect was intentionally broad however, and included cases that were unrelated
to prostate or PCa. The rational was to identify factors that were likely tneeafje

regulators of EVs, and hence potentially applicable beyond this study. This led to

identification of 29 factors of potential interest.

From a practical perspective, creating 29-tir# variants, reflecting attenuated expression of

these candidates was unlikely to be feasible. Hence it was important to narrow this list further
and prioritise some of these based on two criteria. Fiistyas important to have candidates

for which our confidence in their impact on EV output was high (such as tetraspanins, ESCRT
components and Rab GTPases (e.g., Rab7a). This was based on the presence of more than one
study, across varied cell model sysgetepicting EVmodulating effects. Second, we also

wanted to allow for identification of less wadstablished candidates, where the opposite was

true (e.g.SYNGR2, PCLO). It was intended that this approach would provide opportunities

to identify some novel regulators for these-gMduction processes, and to confirm the
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impact of the established factors in a PCa model systenfirdteandidate lisincluded17

putative EV regulators (Fige 3.1 and table .3).

Furthemore proteinatlas was used to confirm that the 17 candidates are expressed in PCa
tissue. Albeit far from giving us a definite confirmation that the candidates are also expressed
in our selected PCa cell line, these gives us somewhat assurance that the candidates wil
expressed. Additionally, the expression of the candidates was also investigated in EVs from
PCa patient derived biofluids (table 3.1)

Althoughthe search strategy was focusedeadosomal EVs and thus the exosome specific
Exocarta database was geel; many of the studies inputting into the database will rely on a
host of diverse methodand hence the dataset may incorporate exosomes and other secreted
vesicle types. Furthermore, theseaknownoverlap insomemachineries regulating

exosomes and microvesicles. Consequently, the canslidatededheremight induce

changes ireitheror bothexosomes and microvesiclesPCa cells, and it is iportant to note

these limitations.

80



() Exploitation of the exocarta exosome
S || database:
'*§ Identification of candidates(moleculeg
£ || present on PCacell derived EVs (N =1 053)
g
—
) J’
Search of the candidatesn PubMed: Exclusion of
Readingof titles and abstracts for indications » candidates putatively
2 || if the respective candidate is involved in EV not involved in EV
§ biogenesistransport or release(N = 1 053) regulation (N= 1 024)
&
L4
Selection ofputative EV regulators (N=29) »| Exclusion of
— candidateswith
overlapping
- v - functions or that
B Selection of themost promising candldate.s were included in the
E based on their I|ke_ly impact on EV secretion same study(N=12)
= and novelty. Candidates were selected toover
= EV biogenesis, transport and releaséN=17)

Figure 3.1: Search strategy for our candidate list.

The boxes describe the seastrategyused to identify putative regulators of EV biogenesis, intracellular transport and réleaggey boxes on
the left describe the different steps in the process: identification of possible candidates, screening of the found eaddidally the selection of

the candidates for this work.
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Table 3.1: Candidates selected for this study.

Overview of the 17 candidates identified for this study including a short description of the candidates previously mdmiifi€t/ biology and

expected impact of candidate attenuation on EV output and cargo. Furthermore, the overview includéscelMines the respective candidate

was explored and evidence of the candidate expression in EV samples from biopsies. The overall confidence in candatséowad the

aforementioned factors. + denotes yedgnotes no.

Group | Candidate | Previously Expected | Explored in Explored in other cell Expressed in| Overall References
described role in | result of PCa cells (+/) | lines (+£) (Cell line(s) samples confidence
EV biology (+F) | KD (Cell line(s) used) from biopsy | in candidate
Regulates used)
*2 CHMP4C + AlteredEV | - + + +++ (Colombo et al.,
o MV E biogenesis cargo, HelLa (ovarian cancer | (Urinary 2013, Baietti et
S enhanced cellline), EVs) al., 2012, Fujita el
= EV al., 2017)
8 secretion MCF-7
E (Breast cancetell ine)
@) VPS28 + AlteredEV | - + + +++ (Duijvesz et al.,
fﬁ MV E biogenesis cargo, 293T cell embryonic | (In vivo 2019, Firkowska
2 reduced EV (Kidney cells Tissue etal., 2019, Dong
e secretion Zebrafish samplep etal., 2022)
5
o]
>
w
o | CD9 + Altered EV | + + + ++++ (Chairoungdua et
5 .8 3 EV cargo cargo PC3 cells SW620 (netastatic (Urinary al., 2010,
< < lymph nod cell line) EVs) Brzozowski et al.,

82



The RWPEL1L | Expi293F (Human 2018, Fuijita et al.
(CRL-11609) | embryonic kidney cell 2017, Duijvesz et
and WPE1 line) al., 2019, Yeung
NB26 (CRL- etal., 2018,
2852 Santos et al.,
2022,
Osteikoetxea et
al., 2022)
CD81 + AlteredEV | - + + +++ (Luga et al., 2012
EV cargo cargo, MDA-MB-231 (Urinary Fujita et al., 2017
reduced EV (breast cancer cell line] EVSs)
secretion
SCAMP3 + AlteredEV | - + + ++ (Falguieres et al.,
MV E biogenesis cargo, BHK-21 (fibroblastsland | (Urinary 2012, Fuijita et al.
reduced HeLa(ovarian cancer celll EVS) 2017)
exosome line)
secretion
SIMPLE + AlteredEV | - + ? ++ (Zhu et al., 2013)
/LITAF MV E biogenesis cargo, Primary mouse
reduced EV embryonic fibroblasts
secretion and
primary mouse
Schwann cells
= S Rab6a 4 - i i Sniat (Grigoriev et al.,
S22 Intracellular Reduced HelLa (Urinary 2007, Grigoriev €
3 i transport to the | EV EVs) al., 2011,
=8 2 plasma secretion @verbye et al.,
- = membrane 2015)
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Rab7a + AlteredEV | - + + +++ (Jae et al., 2015
EV cargo cargo and HUVEC (Urinary @verbye et al.,
(Human umbilical vein | EVs) 2015)
endothelial cells)
Rab35and | + Altered EV | + + + ++++ (Fan et al.,
Rabl11 EV cargo and cargo (PCa cell line| Oli-ne (Urinary 2020, Yeung et
guantity DU145 (oligodendroglial EVs) al., 2018, Hsu e
precursor cell ling al., 2010,
@verbye et al.,
2015)
Rab27b + Altered - + + +++ (Ostrowski et al.,
EV cargo vesicle HelLa HUVEC (Urinary 2010, Jae et al.,
cargo and EVs) 2015, @verbye et
reduced EV al., 2015)
secretion
Rab37 + - + + +++ (Tsai et al.,
Secretion of Altered EV CL1-0 and CL15 (Urinary 2014, Wang et
EVs cargo (Human lung cancer | EVs) al., 2018, Fujita
cell lineg, et al., 2017)
PCG14 (human lung
adenocarcinoma cdithe),

H1299(metastatic lung
adenocarcinoma cell
line) and H46(Q(large
cell carcinoma celine)
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EV release

Syntaxin6 | + Reduced |+ + +++ (Peak et al., 2020
(STX6) Fusion of EVs | EV PCa cell lines PC12cells Bock et al., 1997)
with the plasma | secretion | C4i 2B, (neuronal precursor ce|
membrane CWR-R1, line)
and LNCaP
SNAP23 + Reduced | - + +++ (Zhu et al., 2015,
Fusion of EVs | EV HelLa Verweij et al.,
with the plasma | secretion HCT116 (colorectal 2018, Fuijita et al.
membrane cancer cell line), and 2017)
SW480
(adenocarcinoma of thg
colon cell line)
HUVEC
VAMP3 + Reduced | - + ++ (Zhu et al., 2015,
Fusion of EVs | EV HUVEC (Human Hsu et al., 2010,
with the plasma| secretion umbilical vein Yang et al., 2019,
membrane (of Rab35 endothelial cells), Fuijita et al., 2017
positive HepG2 Sneeggen et al.,
EVs) 2019)
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Piccolo Role in EV Altered + ? A (Zhang et al.,
(PCLO) biology vesicle KYSE30,KYSE180, 2017, Ackermanr|
unknown cargo, KYSE410, KYSE450 etal., 2019,
EV biogenesis | reduced EV| and KYSES510 Fenster et al.,
and release secretion (esophageal squamous 2003)
cell carcinoma cell
Reported Role: lines)
Regulates
synaptic vesicle
release and
uptake
Synaptogyrin| Role in EV Reduced + + ++ (Raja et al., 2019
g -2 Biology EV Drosophila Urinary EV BoeszeBattaglia
‘%‘ (SYNGR2) | unknown secretion etal., 2017,
p EV releas@ Stevens et al.,
o 2012, @verbye et
5 Reported Role: al., 2015, Sun et
B Regulates al., 2016,
g synaptic vesicle Kioumourtzoglou
Q biogenesis, etal., 2015)
£ involved in
[J] GLUT4
(]
S membrane
© trafficking,
> modulates viral
L replication
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3.3.2 Interaction network of the selected candidates

Only few of the candidates selected for this work have been well established as EV regulators
(e.g, CD9 and CD81jtable 3.2) Candidates, such &YNGR2have not been studied as
extensively, yet there is emerging evidence that thigyt play a role in the modulation of

EV production As described in the introductioagulation of EV biogenesis is a complex
process, with multipleegulators working in concert via direct and indirect interactions.
Consequentlydirect interaction of a less well described candidate, 8\gNGR2, with a well
described candidate could potentially indicate that both regulate the same EV biogenesis,
transportor release pathway and therefore the same EV subset.

To explorepotential pathway interelationships of the selected candidatks,biological

effector database (BED) by Anaxomics was used. This database includes publicly available
datasets in addition to manually selected datasets which can then be utilised to extract
information about the interaction and/or influencedteinson each other and to create an
interaction network. Thus so, the BED can be used to provide insights into the potential

involvement of proteingy molecular pathways.

For the analysis of the 17 candidates, the BHips://anaxomics.com/biologicaffectors
database.phfflborraEgea et al., 201%yasqueried by our collaborator Pedvtatos Filipe

for first level effectors, also termed first neighbours, of the 17 selected candidates and
revealed thathere is a knownpreviously publishedirect connectioio another candidafer

12 of the 17 candidates (SYNGR2, Rab7a, Rabbl1lb, Rab6a, STX6, SNAP23, VAMP3,
CHMPA4C, VPS28, CD81, SCAMP3 and CD9). 5 candidates (PCLO, LITAF, Rab37, Rab27b

and Rab35) could not be connected to the interaction network asefigbtboursigure3.2.)

As expected, the candidates that were previously described to be involved in defined
pathways or complexes were indicatedlir@ctly interact with each othexs F'degree
neighboursFor instance, CD81 was & degree neighbour of the tetraspanins SCAMP3 and
CD9, whereas no connection between CD9 and SCAMP3 was found. Looking into the
experimental proofs of these connections, revealed that CD9 and CD81 have been previously

co-immunoprecipitated in CMRark et al., 2010and cell lysategPark et al., 2010, Mazurov
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et al., 2013pand there is evidence that the two tetraspanins form a coif@iexrin et al.,
2002) Furthemore a mass spectrometry (MS) based approach showed that CD81
precipitatedvith SCAMP3(Palor et al., 2020)The network analysis also indicated a
connection between CD81 and SNAP23. This is based on the observation that ED81 co
immunoprecipitateavith SNAP23 (Palor et al., 2020)However, this study did not focus on

this interaction in more detail

Interestingly, CHMP4C, an ESCRT protein, was indicated to influence/interact with SNAP23,
a protein previously described to specifically regulaigosomally derived EVE&/erweij et

al., 2018) This connection was identified in a MS analysis focusing on telogBagalbo et

al., 2019) However, he authors did not study this interaction in more detail. Therefore, it
remains to be seemhetherthe observed interaction between the protaneshe result of the

mere proximity of the proteinsr if they have indeed a functional relationship.

The interaction network also suggested connections between Rab GTPases and other EV
regulators. An example of this is the proposed interaction of Rab6a and @& was
experimentally show(Laufman et al., 2011)nterestingly, SYNGR2 was indicated as a first
neighbour to Rab7a, which points to the possibility that they regulate the same EV subset. The
possible interaction was identifiedamMS experiment where SYNGR2 <o

immunoprecipitateavith Rab7alYamano et al., 2018nd clearly requires validation.

Taking nondirect connections, which are connections via another protein, atlatber
candidates (LITAF, PCLO arndab35) wee connected to the initial 1Zhe network analysis
including both first and second neighbours showedShHdPLELITAF and SCAMP3 share
a common connection: W domain containing E3 ubiquitin protein ligdgé/P1).

SCAMP3 was indicated as potential interacting partner by SIM8XNielsen et al., 2019)
and WWP1 was found to eonmunoprecipitateavith SIMPLE/LITAF (Li et al., 2015b)
Interestingly, WWP1 was also found in E{Furwitz et al., 2016b)
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Figure 3.2: Interaction network of the selectedcandidates
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The BED from Anaxomics was queried by our collaborator Pedro Matos Filipe for the effectors of the 17 selected candidatE®clibn

network in (A) shows the interaction of the candidates with each other. The lines represent a connection (imtuactosh). The candidates

highlighted in green could be directly connected to another candidate. The candidates highlighted in blue could notdzktocamaber

candidate as a&degree neighbour. The interaction network in (B) shows the candatadabeir 2 degree neighbours which subsequently

connect to another candidate
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PCLO, aless welldescribed candidate, and CD9 shared a common first neigtiteMD14,

a s1bunit of the proteason{&igure 3.2B) This interaction was found via M8Vang et al.,
2019) Interestingly, evidence is starting to emerge that EVs carry functionaapoote
subunits(BerntNissan et al., 2022furthermore, PSMD14 was also found in EVs from
osteosarcoma cells (Luu et al., 202 us, it would be interesting to explore a potential role
of CD9 and PCLO and the extracellular proteasome.

Overall, the interaction netwodupports our selection of candidates as it indicates that the
candidates arpotentiallyinvolved in EV regulating pathways, e.g., the SNARE complex, via
15 or 2"9-degree neighbours.

3.3.3 Involvement of the candidates in EV regulating pathways

Using the BED from Anaxomics gave first indications of the candidate involvement in EV
regulating pathways. To explore this in more depth, we also investigated whether the selected
candidates could be mapped onto selected, already described pathwaysdinvaVv

biogenesis, transport and release. For this purpose, gene lists of EV relevant pathways were
selected ¢hapter 21 and table 2L). To be more precis&O terms with relevance to EV
generatiorwere chosen frorhttps://www.informatics.jax.org/vocab/gene_ontologiie GO

terms for the ESCRTI and Il (GO: 0000813 and GO:0000815) did not provide a
comprehensive list of all ESCRT components that have been described to be involved in EV
biogenesis. Hence, | combined the aforementioned GO terms and additionally inblsked t
genes that werpreviouslydescrited (McGough and Vincent, 2016, van Niel et al., 20t8)

be involved in EV biogenesi$he ANN tool developed by Anaxomi¢ksoging et al., 2011)
(chapter 21) was then usely our collaboratorto explore the likelihood of interaction

between the respectivandidate and the investigated pathway.

As expected, most candidates could be mapped onto EV regulating patheegtng that

the majority of the 17 candidates are potentially involved in EV modulating pathiMag's
functional enrichment analysis indicated a tight relationship of the ESCRT proteins CHMP4C
and VPS28 with the ESCRT pathwaysgure 33). Furthemore the analysis indicated CD9

and Rab11b to be associated with the ESCRTIII, vesicle transport, and upregulation of
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secretion. ESCRT Il was also associated with VAMP3, RargiRab7a. Furthenore
Rab27b and SNAP23 were associated with vesicle transport.
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Figure 3.3: The majority of the selected candidates overlap with an EV related pathway.

The ANN tool trained on the BED from Anaxomics was used to create the functional
hierarchical cluster plot for all 17 candidates. The pathways were selected by Anaxomics
(apoptosis) and me (the rest of the indicated pathways). The colour represenisreshgat
score: grey values (muted) indicate a low relationship score below 62%Pavalge> 0.15.
Orange indicates a relationship score betwee832 and &-value <0.15. Yellow represents
a relationship score 706% and @-value <0.10. Light green regsents a relationship score
76-86% and &-value <0.05. Dark green represents a high relationship score >90%and a
value <0.01. Analysis provided by Pedro Matos Felipe. Figure created in R. For three

candidates, CD81, SYNGR2 and PLCO there was no association with these pathways.
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For those candidates for whitere was neonnection (CD81, PCLO, SYNGR?2), first
neighbours were included as a prqiygure 3.4, 3.5)For example, examining SYNGR2, the
protein failed to overlap with any of the analysed pathways. Takintf'theighbours of

SYNGR?2 as proxy for the candidate, indicated a relationship of SYNGRZesiule

mediated secretion and ESCRT(Higure 3.4) Similar, PCLO did not show any overlaps

with the selected pat hineaighBours ada prexy, twasam s i n g
overlap with the vesicle mediated transport for some of interaction partners of (F{giL@e

3.5).

We aim to attenuate the expression of the selected candidates as a tool to explore their
function. However, KD of the selected candidates could cause a perturbation of apoptosis in
the target cell. Increased apoptosis induces the increased release apspialic bodies,

which can be difficult to distinguish from small EVs. This would pose a major challenge for
this work. Therefore, we were interested if the selected candidates are involved in or influence
apoptosis. Using the ANN tool, we found no irations of a relationship between all selected
candidates and apopto$iigure 3.3) Neverthelessit must be noted, that the lackaf

connection could mean that there is no connection, the connection is poorly described due to

lack of evidence, or the gene set (pathway) was poorly defined.

In conclusion, promising candidates were selected for an exploration of their role in EV
regulation. These findings support the notion that most of the selected candidates
influence/impact each other. Most candidates could be mapped onto EV relevanypathwa
such as the ESCRT dependant pathway, using the ANN tool trained on the BED by

Anaxomics.
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Figure 3.4: Functional enrichment analysis of the 1 neighbours of SYNGR2

The ANN tool trained on the BED from Anaxomics wed to create the functional hierarchical cluster plot for ¥meighbours of SYNGR2.
The pathways were selected by Anaxomics (apoptosis) and me (the rest of the indicated pathways). The colour repriésesispasadee: grey
values (muted) indicate a low relationship score below 62% &ndbbue> 0.15. Orange indicates a relationship score betweé8%2and &-
value <0.15. Yellow represents a relationship scor@5P® and @-value <0.10. Light green represents a relationship sce86%6anda P-value

<0.05. Dark green represents a relationship score >90% Rwdlae <0.01. Analysis and image done by Pedro Matos Felipe.
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Figure 3.5: Functional enrichment analysis of the 1 neighbours of PCLO.

The ANN tool trained on the BED from Anaxomics was used to create the functional
hierarchical cluster plot for the'heighbours of PCLO. The pathways were selected by
Anaxomics (apoptosis) and me (the rest of the indicated pathways). The colour represents a
relationship score: grey values(muted) indicate a low relationship score below 62%-and a
value> 0.15. Orange indicates a relationship score betweéf@%2and a&-value <0.15.

Yellow represents a relationship score78% and &-value <0.10. Light green represents a
relationship score 786% and @&-value <0.05. Dark green represents a relationship score

>90% and @-value <0.01. Analysis and image done by Pedro Matos Felipe.
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3.3.4 Clinical relevance of the selected candidates

This study specifically focuses on the roleP&a derived EVs and accompanied tumour
promoting properties of the EVs. Hendeyas considered potentially usefolexplorethe
possibleclinical relevance ofhe candidatesin terms of what is known about the relationship
between mRNA transcripévels and disease correlates.

| exploited public repositories using CancerTool, a web based bioinformatitot@nlalyse
publidy availabletranscriptomiadata set¢Cortazar et al., 2018he cancer genome atlas
(TCGA) dataset is characterised by a large patient cohort size (n€2E®7er Genome Atlas
Research et al., 2013, Cancer Genome Atlas Research v@d binderwent prostatectomy

and was used to reveal some significant differences in mieXgls between the identified
candidates and PCa status by both GS and disease free survival (DFS), depicting the
recurrence of the disease in PCa pasiafter the treatment finished.

The TCGA dataset lacked information on transcript lewetglation to normal tissue (N), the
primary tumour (PT) and metastatic (M) side. Therefore, the Taylor set was included in this

analysis albeit reflecting a smallewhort(n=185)(Taylor et al., 2010)

As an example of such exploratid@NAP23 mRNA expression levels across different stages
of the disease were investigated. The analysis showed that in the Taylor sample cohort,
significantly increased mRNA levels of SNAP23 were detected iRThmompared tiN

tissue In contrast, SNAP23 mRNA levels Mtissue and in th® tissuewere at comparable
levels, suggesting there is a role for SNAP23 in earlier as opposed to late/metastatic stages of
the disease (Figure 3.6A)also evaluated differences betweemied histological severities,
ranging from low grad&leason 6 (GS&p high gradeGS1Q using the TCGA cohart

Overall, there were significant differences in the SNAP23 mRNA expression across the
different GS. Interestingly, SNAP23 mRNA expressiaasdecreased in GS9 compared to
GS68 (Figure 3.6B) TheDFSdata in the TCGA patient cohort with respect to SNAP23
MRNA expressionas also of particular intereSthe KaplarAMeier curve representing the
recurrence of the disease,Figure3.6.C indicates that there ishaghly significant difference

in DFS when segregating groups by the mean expression of SNARRZ 223-fold

increased risk of disease recurrence in the low SNAP23 expressing(Grguie3.6C). This

could indicate that SNAP23 regulates a cancer suppressiympiYationat the later stages
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of the diseasddowever, the TCGA datasets lacks important clinical information about the
specific treatment combinations the patients received, which can be diverse, thus these results
require further confirmatio{Cortazar et al., 2018, Cancer Genome Atlas Research et al.,

2013)

Another example of such exploration is Rab7a. In contrast to the results of SNAP23, however,
no significant differences could be detected in the mRNA expression of Rab7a in terms of
PCa progression, comparing N tissue, the PT and M\s#teerthelessa significant

difference in the expression of Rab7a across different GS was found, indicating a potential
role in the primary tissue disorganisation but less impatttesystemic diseas@he potential
clinical correlatedor all 17 candidates were analysedthis fashion anés summarsed in

table3.2.

Overall, most of the candidates exhibited some correlates in terms of these clinical
parameters, howevghis was not true for all. PCLO and Rab11b showed no significant
differences with angf theseclinical parameter suggesting that they do not fluctuate during
the course of PCa development and progression. For the remainder, the exploratory data
shown may be interpreted as preliminary evidence supporting the view that these &alected

constituents are relevant in the complex processes driviag PC

Cancer critical regulators often play a role across different cancers. Thus, a regulator
contributing to the disease in PCa might also be critical in other cancers. To further explore
the role of the candidates in cancer, the literature was searchedlittored evidence of the
relevance of the candidates in cancer. This analysis is summarised in2aatelZhowed

thatmost candidates were previously reported to be over or under expressed in various cancer
types further supporting the selection of ta@didates and potentially providiadditional

cancer types for future investigations.

To sum up, in this chapter 17 promising candidates were identified that likely play a role in
EV regulation by an extensive literature search. This notion was supported by an interaction

network analysis and that most of the candidates overlapped withdtged pathways.
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Importantly, for the majority of the candidates an exploration of their clinical relevance
indicated a role of the candidates in DFS, GS and tumour progression in PCa.
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Figure 3.6: SNAP23 and Rab7a mRNA expression is altered in PCa patients.

Cancer tool was used to explore the potential clinical relevance of SNAP23 and Rab7a mRNA expression. The mRNA exBi¢astaa of

comparing normal tissue (N), the primary tumour (PT) and metastatic prostate tissue (M) based on the Taylor dataset (A\sHeMNAP23



MRNA expression across G36 is depicted in (B). The DFS curves depicted in Kaplan Meier plots for SNAP23 are shown in (C). The patient
cohort was divided by the mean mRNA expressioBNAP23,and a Cox proportional regression model was performed to determine the Hazard
ratio. The curves represent the recurrence of the disease in the patient cohort. Achlatgst was applied to determine the significance of the
differences between the cusveSmilarly, data are shown for Rab7a mRNA)(LE), (F). A), (B), (D) and(F) were created iGraphPadind a one

way Analysis of VariancéANOVA) with Tukey as a pogtoc test was applietis= norsignficant, *= P< 0.05, **= P< 0.01 *** =P<0.00],

ok = P<0.0001
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Table 3.2: Potential clinical relevance of the selected candidates.

The 17 candidates were analysed using Cancertool to reveal their potential clinical relevance. Cancertool was diffmieddes in candidate

MRNA expression in the progression of the disease comparing N, PT and M. Cancertool was also queried for differencieseofitaiNa

expression across GS16. A oneway ANOVA with Tukey as a pogtoc test was applied for bothhe DFS were also explored. The patient

cohort was divided by the mean mRNA expression of the indicated candidate and a Cox proportional regression model \eds@edtmine

the Hazard ratio. A MantaTox test was applied to determine the statisBgmificance ns= nonsignficant, * = P< 0.05, **=P< 0.01 *** =
P<0.001, **** =P<0.0001*=based on th&aylor study B=based on th& CGA study

Candidate/
Clinical
factor
investigated

AProgression
(Differences in the
MRNA expression
comparing normal
tissue, the primary
tumour and the
metastatic site)

BGS
(Differences in
the mRNA
expression
comparing GS
6-10)

BDFS

(Differences in the
DFS rates, samples
divided by the mean)

Expression in PCa and other
cancers, examples

References

*k%k

CD9 ns ns Downregulated in €a (Wang et al., 2007,
High expression in various Folkmanis et al.,
cancers 2022) (Koh et al.,

2021

CD81 rxk ns ns Overexpressed in PCa (Zhang et al., 2020)

CHMP4C rxk rxk ns Overexpressed in lung tumour| (Liu et al., 2021)
tissue and cervical cancer (Lin et al., 2020)

LITAF rxk rkk ns Decreased in pancreatic cance (Zhou et al., 2018)

PCLO ns ns ns Increased in oesophagus cand (Zhang et al., 2017)
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*k%

Rab6a ns Negatively correlated with (Xiao et al., 2023)
patient survival idung
adenocarcinoma

Rab7a ns Fhxk ns Increased expression in (Liu et al., 2022)
pancreatic cancer

Rabllb ns ns ns Overexpression associated wil (Kottorou et al.,
better overall survival in 2023)
colorectal cancer

Rab27b Fxk * * Overexpressed in Esophageal| (Yu et al., 2020)
Squamous Cell Cancer

Rab35 Fxk ns * Overexpressed in ovarian (Sheach, Adeney et
cancer cells upon androgen | al. 2009)
treatment

Rab37 ns * ns Decreased expression in (Tzeng et al.2017)
oesophagal cancer

SCAMP3 Fxk ns ns Overexpressed iglioma (Li et al., 2020).

SNAP23 rxk Fxk roxk Upregulated in ovarian cancer| (Sun et al., 2016)
and pancreatic cancer, (Mitani et al., 2022)
Downregulated in cervical
cancer

STX6 * rxk * Overexpressed ipancreatic (Li et al., 2022b).
and liver cancer

SYNGR2 rxk * ns Proposed as a potential cross| (Li et al., 2022a)
cancer marker

VAMP3 rxk ns * Negatively correlated with (Hou, Ma et al. 2022
patient survival with colon
adenocarinoma

VPS28 *x ns ns Overexpressed in breast canc( (Shi et al., 2021)
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3.4 Discussion

Our goal is to identify novel regulators of EV biogenesis, transport and release in PCa cells
which contribute to disease process by the fact gleeyerate bioactive EVs. In this chapter, |
described an extensive literature search combined with a database search to identify potential
candidates that would satisfy this aim. Often regulators of EV biogenesis are incorporated as
cargo into the releasdflVs. Hence, | searched for candidates previously described to be
present on PCa cell derived EVs using exocarta.org and selected those with a putative
function in regulating EV diversity (Figure 3.1). However, this approach has some limitations.
Here we mke an assumption that celhdogenous regulatory elements become incorporated
into the secreted vesicle. Whilst there are several examples of thibe §SCRT

component CHMP4@Colombo et al., 2013}t is not a certainty for all cases, and hence the
strategy would fail to identify genuine ENégulating factors which are retained in or

associated with the endosoiteghered machinery, and excluded from incorporation into the
secreted structure. In atldn, the quality EV isolations which provide data into this and other
(e.g., Vesiclepedia) databases is heterogeneous, and hence the information contained may
reflect exosomdype vesicles, ectosomes and a host of avesicular contaminants. There will

therefore always remain some element of imperfection within these curated datasets.

When reflecting on a candidate approadhgeostudies exploring regulators of EVs have

mainly focused on one pathway, for instance on the ESCRT patl@atymbo et al., 2013)
RabGTPasefOstrowski et al., 2010, Hsu et al., 20b@¥actors potentially involved in EV
releasgHessvik et al., 20230ne study byreunget al focused on an array of 6 different
factors involved irEV biogenesis, transport and release and found Rab35 to be a regulator of
anEV subpopulationn DU145 PCa cells. An alternative to a candidate approach like this
might utilise a screening strategy to attenuate random, or-smmdiom elements, perhaps
targeting hundreds or more elements and to subsequently assess their consequences in terms
of vesicle impact. A noteworthy exampletbfs approach was a recent study that aireed

identify EV secretion regulators in a shRNA screen targeting more tha@®groteins in
microglia(Ruan et al., 2022thers have used large sc@leistered regularly interspaced

short palindromic repeat€RISPR)associated protein @RISPRCas9 based screens to

identify EV regulatorgLu et al., 2018)
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In this chapter 17 most promising candidates were selected from different pathways possibly
involved in the regulation of EVs as described above to maximise the chances of identifying
novel EV regulators that have a dramatic impact on the released E¥t2oThy knowledge

would reflect the most extensive repertoire of candidates to target across different pathways
ever investigated in PCa cells in one study. There was also a pragmatic element here in that
the future aim is to attenuate the expression @ktiected candidatesarPCa cell line by

using lentiviral variants, and ultimately compare the relative potencies in terms of EV output,
and ultimately EV cargo and functions. Escalating this from 17 or so to 30 candidates or more
would present feasibility challenges in scale eapgacity to assess potential hits. Thus, the
candidate approach described in this chapter, which is partly informed by a priori studies, is
more likely to deliver verifiable hits and leading to subsequent functional exploraimmes

quickly.

Pathways that regulate EV biogenesis are dependent on the coordinated interaction of various
molecules. For instance, VAR interacts with CERTat membrane contact sites and drives

the biogenesis of RNA enriched EVs. Depletion of the proteins leads to similar changes in
vesicle outpufBarman et al., 2022Another example is the sequential interactbn
Rab7a/Arl8b/Rab27tor the release of CD63 positive endosomally derived GAésweij et

al., 2022) Hence, we wondered if by revealing the interaction of the selected candidates could
be used to extrapolate potential functions. Especially, we aimed to gain insights into the
connections of less well described candidates such as SYNGR2 and R@lr€xct or

indirect interaction of darleydescribed candidate with a well described candidatgd

suggesthat both regulate the same EV biogendsasport, or release pathway and as a
consequence the same EV subltenually searching for all interactisof the selected

candidatess extremely labouand timeintensiveand thus, was deemed not suitable

However, there are databases for the exploration of interaction networks such as reactome.org
(Jassal et al., 202@Which is manually curated, and other online bioinformatic tools (reviewed

in GarciaCampos et al., 2015)

For the analysis of the 17 candidates the BED of AnaxoftbosraEgea et al., 201%yas

used A key advantage of this database is that it is based on a vast variety of information
sources, e.gother pathway analysis tools such as reactome.org, and combines them with
selected publication$tps://anaxomics.com/biologicaffectorsdatabase.phpThus, giving

a more comprehensive overview of potential interactions than a single database tool alone.
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The BED wagyueriedfor the 17candidatedy our collaborator Pedrdatos Filipe for first

level effectorsof the 17 selected candidatés expected, the candidates that were previously
described to be involved in defined pathways or complexes sherento interact with each
other.For instancecandidates that were associated with ESCRT compo(eHtglP4C and
VPS2§, or SNARE proteins (STX6, SNAP23 and VAMP3) were shown to interact in their
respective grougdnterestingly, Rab7a, a previously describadreégulator and SYNGR2, a
putative EV regulator, were indicated to have a direct connection, which points to the
possibility that they regulate the same EV subset.

Only 2 candidates (Rab27b and Rab37) could not be connected based on the BED. However,
the database relies on previously described interaction. Hence, this mnighyt seflect our

current lack of knowledge of these interactions or indeed there is ncctigara

The next step was to embed the candidates in EV regulating pathways. Again, online
bioinformatic tools such as string.db or reactome.org can be used for this purpose. However,
analysing multiple proteins and gaining a comprehensive overview using mpHipleay

analysis tools is labour and time intensive. Hemaaahine learning model based on Artificial
Neural Networks (ANN), trained on the BEI2veloped by Anaxomics was used to

investigate if the set of candidate genes overlap with various known pathidee functional
hierarchical clustering analysis was performeabyycollaborators Pedidatos Filipeand
JudithFarrés, at Anaxomic3.he analysis indicated that the majority of candidates or tfleir 1
neighbours overlap with EV regulating pathways. Thus, supporting the selection of the

candidates as potential EV regulators.

The association of EV regulator pathways and several disease have been described in a
systems biology approa¢t®ézsi et al., 2019Jemonstratinghat EVs contribute to the
development of various disease. As this project is focused on PCa, Cancertool was used to
explore the potential clinical relevance of the selected candidates in PCa. Although far from
definitive, the majority of these selecteahdidates appear to have changes in mRNA
transcript levels during the development and progression of PCa. For exagipl8YWNGR?2
MRNA expression is associated with a progression of the digetade disease statusith

overall highSYNGR2 mRNA expression compared to normal tissue, SYNGR2 mRNA

becomes reduced with histological severity. Whalstourse SYNGR2 and many of the other
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candidates are involved in cellular processes that are not exclusively EV related, taken
together it is intriguing that most of these veskilements are dynamic in disease, suggesting

EV changes occur alongside or perhaps contributing towards worsening disease status.

Interestingly, most of the selected candidates have also been previously desdndes to

altered expression levels in various cancers (table 3.3). Thus so, potentially indicating a cross
cancerrole, andadding to credibility of the findings, in that these are not a peculiarity to PCa
Notably, a recent paper explored the expression of SYNGR2 across several cafmsrs. A
SYNGR2 expression was favourable for DFS for most caraed he authors strongly

suggested SYNGR2 as a potential cross cancer miiketrral., 2022a)

All in all, 17 promising candidates have now been selected for an experimental exploration of
their role in EV regulation. The findings presented in this chapter support the notion that the
majority of the selected candidates are part of a broader nebivaorieracting elements

regulating endosome dynamics. Most candidates could be mapped onto known EV relevant
pathways, such as the ESCRT dependant pathway, using the ANN tool by Anaxomics. In the
next chapters, the impact of the selected candidates orutputavill be explored

experimentally.
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Chapter 4:

Attenuation of potential EV regulators in PC3 cells
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4.1 Introduction

EVs transport a myriad of signalling molecules thereby modulating the behaviour of recipient
cells both in close proximitiEl-Sayed et al., 2017, Zhang et al., 2018w at more distant
sides(Peinado et al., 2012, Garesdlva et al., 2021)This is especially critical in regard to all
stages of tumour development for which EVs have been reported to be a significant
contributor to the establishment and progression of the diséasdastance, Souza et al
reported that EVs isolated froRCa patients confer phenotypic changes in recipient non
neoplastic cells that are characterised by an enhanced migratory and proliferative ability
(Souza et al., 2018Consequently, altering EV production can possibly have a big impact on
a number of diverse recipient cells, locally and distant and heamtebute toa positive

benefit in slowing the diseaseds progress.

Our lab has a longtanding interest and experience in EVs from PCa cells. In particular EVs
derived from the metastatic PCa cell line DU145 have been well described by our group
(Yeung et al., 2018, Webber et al., 2016) explore theotential EV regulatingole of the
candidateselected for the work presented hexe reverted to the highly metastatic and

poorly differentiated adenocarcinoma PCa cell line PC3 to expand our knowledge about EVs
in PCa. This cell line is of bone metastatic origin and homes to lymph nodes when injected
into mice(Wu et al., 2013)The cell line was a kind gift of prof Hector Pena@NIO, Spain)
andwas subject tolrwort tandem repeat profiling validate the cell originA proteomic

description of the EVs has also been performed in hisAahdx B). Interestingly, the

majority of the candidates used in this work have been identified to be present in the PC3 cell
line derived EVs used for this study, except Rab37&MPLE (LITAF). This is noteworthy
because it indicates that majority of our candidates are expressed in thigeaalld thus can

be targeted for attenuation.

Using Mission® lentiviral particles to generate modified PCawibntswith attenuated

candidategeneexpressions a previously successfully establishied! in our lab(Yeung et

al., 2018) Integration ofareverse transcribed RNA sequence into the genome of the cell,

allows a stable KD over multiple passag®bearer and Saunders, 2018)complee KO of

target might render the cells nerable and hence not suitable for further investigation in the
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scope of this study. Importantly, partial KD of a candidate induced by target specific ShRNA,
might be sufficient to induce measurable changes in the EV quantity and guialgty

marginally impactingell viability or other general cell propertiesd hencehis methodvas
considered a pragmatic route to explore these putative EV regulators

4.1.1 Characterisation of EVs

EVs presenin CM, and purified EVs can be characted by a plethora of methods.

Currently, there is still an ongoing debate how to best characterise EVs. In an effort to provide
guidance on the best practidbe MISEV 2023 gudelines verepublishel andsuggest for the
characterisation of EVs various techniques should be used including methods to quantify the
EVs and characterisation of EV related protéivelsh et al., 2024 However, it needs to be

noted that these agriidelines and should not be considered as strict rules.

A commonly used technique to quantify & a sample is NTA which islgght scatter

based technique utilised to evalwuate nanosi z
uses the Brownian motion of particles in a solution to calculate their particle diameter and
concentration. Thousands of particles can be analysedample; however, it is not possible

to distinguish between a genuine EV and other particulate mlatetihe solution. Hence,

NTA is often used in combination with other technigtied assess the tetraspanins CD?9,

CD63 and CD81 which are enriched in E¥sr instanceimmunophenotyping of EV

samples can be achieved by using a ghateed assay akin a classical Sandwich ELISA which

uses one tetraspanin antibody, eagti CD63, to catch vesicles in a solution and another

antibody e.g.a biotinylated anti CD9 antibody to detect the vesicles.

4.1.2 Aims and objectives

Despite the important tumour promoting role of EVs, a lot remains to be uncovered about the
specific machineries involved in the generation of EVs. Key questions in this regard are firstly
which factors are involved in the regulation of EVs and secondtieke regulators control
distinct EV population odo thesenachinerie®perate in a general fashion to regulate all

such vesiclesln the last chapter, 17 potential regulators of EV biogenesis, intracellular
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transport and release were identified based on an extensive literature search and utilising
bioinformatic tools. In this chapter, we aim to contribute to filling the knowledge gaps
described above by investigating the potential contribution of these ditlatesin vitro in

the context of PCalhe following objectives were set to reach this goal:

1.) Silence candidate expression in PC3 ealiith target specific ShRNA andhlidae
the target attenuation by gPCR and flow cytometry

2.) Evaluak the impact of candidate KD on cell proliferatj@a assess whether the

cell can withstand the perturbation

3.) Determinechanges in the quantity and molecular phenotype of the released EVs

using molecular biological techniques
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4.2 Results
4.2.1 Puromycin kill curve for PC3 cells

To explore the role of the selected candidates on EV biogenesis, transport and release, a range
of PC3cell variants with attenuated candidate gene expression were generated. For this
purpose, MISSION® shRNA lentiviral particles (SigiA&drich) containinga puromycin

resistance gene for selection, were commissioned, and transduction conditions previously

optimised in earlier studies handling other MISSION® lentiviral particles were used.

To determine the optimal puromycin concentration in PC3 cells, a-8\S¥ed (Orandgti)

cell proliferation assay, was performed, in the presence of escalating puromycin doses up to
10 pg/ml. PC3 cells were seeded at different densiti@Q2cells/well, 00 cells/ well and

10,000 cells/well) to ascertain the optimal cell densities (Figure 4.1).

The number of proliferating PC3 cells was sharply reduced at a puromycin concentration of
0.5 pg/ml and higher. At intermediate or high seeding densities;dlls were hyper

confluent by 72 h, and this had attenuated the general proliferation independent of puromycin
dose, giving a comparatively reduced absorbance value at 0 ug/ml. Nevertheless, seeding at
low density provided a clear and unambiguous efféguromycin, with a complete kill

achieved at 0.5 ug/ml. Based on these results, we decided to use a puromycin concentration of
1 pg/ml for the transductions. This allowed us to be confident isuhaval of transduced

cellsdespitevariationbetween gperiments, e.g., differences in cell distribution
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Figure 4.1: Puromycin kill curve for PC3 cells.

PC3 cells were seeded at the indicated densities and treated with puromycin concentrations (0
pg/mli 10 pg/ml). After 72 h. the cells were incubated for 1.5 h with ¥8SThe formation

of formazan was detected with a PHERAstar FS Microplate Reader nmgptheiabsorbance

at 450 nm. The background was measured at 655 nm and subtracted. Symbols represent mean

+/- SD, based on 5 replicate wells
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4.2.2 Targeted attenuation of EV regulators

Next, PC3 cells were transduced with Mission® lentiviral particles with shRNA sequences
listed intable2.2 at aMOI of 20. For each target, 5 different shRNA sequences were used, to
maximise the chances of a successful attenuation. The exceptions to this were for CD9 and
Rab35, in which an shRNA sequences had been previously validated as effective in our lab
(Yeung et al., 2018)A shRNA sequence targeting a amammalian target was also included
as a contro{NMC), under identical conditions. This cell variant would be the benchmark
comparator for the specific ShRNA targets. In total, the number of transductions performed
was 79.The newly generated celariantswere handled in line with safety guidelines (local
project reference: GM130/634) stipulated by the Catdiifiversity genetically modified
organism GMO) committee until passage 6 at which stage theveelhntswere considered

lentiviral free and deemed suitable for further analysisout strict containment

The magnitude of mMRNA attenuation was assessed by qPCR using TagMan Gene expression
assays. Th®eltaDeltaCt method was used to quantify the difference in expression between
candidate mRNA and the N® The housekeeping gene GAPDH served as a control because
this was previously evaluated in our lab and confirmed as unaltered by MISSION® lentiviral

transductions.

In the candidates likely representing EV biogenesis, the shRNA sequence targeting CD9
showed a mMRNA KD of 80%, which was pleasing as we had only one shRNA sequence for
this target. The magnitude of effect was simitaa past study with the same lentiviral
particlesbut utilised orDU145 cells(Yeung et al., 2018)Figure 4.2A).Targeting CD81 was
also highlysuccessful with mRNA attenuation ranging from 82%x% for 4 (of 5) sequences
(Figure 4.2B)Disappointingly, when targeting CHMP4C we achievesigaificant yet

modest reduction of MRNA expression of 53% with only one sequence (FigureFEo2C).
SCAMP3, a highly variable KD betwe&2% 70% for 3 (of 5) sequences was achieved
(Figure 4.2D. For VPS28 thenagnitude of KDrangedbetween 69% and 57% for 2 (of 5)
shRNA sequences (Figure 4.2Hpwever, the 3 otheh&NA sequences resulted in poor
attachment and poor cell proliferation, indicating potential presence of some off target effects,
or highlighting the sensitivity of the cells to VPS28 deficiency leading to some toxic effects.

These data are summarised-igure 4.2.
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Figure 4.2: Validation of candidate mRNA attenuationby TagMan Gene Expression
assays

PC3 cells weréransduced with MISSION® shRNA lentiviral particles targeting the indicated
candidates. Relative mRNA expression levels of the candidates were assessed by TagMan
gene expression assays (QPCR). Theates were normalized to GAPDH and compared to
the mRNAlevels in PC3 cells transduced with KIMiral particles.Candidates likely

involved in EV biogenesiwere assesse@D9 (A), CD81(B), CHMPAC (C), SCAMP3 (D)

and VPS28 (E)The bar chart shows the me#ah SD of 3 technical replicate®NA= non
applicable % downregulation is indicated above the bars. Red ariosisate selected KDs

for further analysisOnewayANOVAwi t h Dunnett 6 s muHodtespwae ¢ o mp

performedns= nonsignficant, * = P<0.05, ** = P<0.0], *** =P<0.001, **** =P<0.0001
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In the RabGTPase groukely representing intracellular membrane trafficking, the shRNA
sequence targeting these were broadly very successful, with at least one shRNA sequence
providing confidenstatistically significant attenuation of 5% KD (Figure 4.3) For

example, Rab6A showed a mRNA KD between 37% and @28tire 4.3A),and similarly

for the othercandidatesRab7a (60%491%), Rab11b (51982%), Rab27b (23%/5%) and

Rab35 (15%77%) (Figure 4.3EE).

For andidates likely representinige fusion oMVE to theplasma membrane the shRNA
sequences also showed some variability in the magnitud® such as PCLO, for which

only a modest reduction of mMRNA expression between-3& with 4 shRNA sequences

was achieved (Figure 4.4A). Further target attenuation was achieved for SNAP23 (63% and
84%), SYNGR2 (24%/8%) and VAMP3 (449%93%) (Figure 4.4Band DE). The attenuation

of the target was not successful for all tested sequences as shown for 5 differemteequ
targeting STX6, which did not achieve a significant Kigure 4.4C) The mRNA levels for
Rab37 and LITAF were also not detectable, even in the control cells (data not shown), and

hence demonstrating attenuation was not possible.

Taken together, these data reveal some heterogeneity in the efficacy of KD with good success
for several factors regulating EV biogenesis (CD9, CD81, VPS28, CHMP4C, SCAMP3)
(Figure 4.2)and release (SNAP23, VAMP3, PCLO, SYNGRRigure 4.4)and transport

(Rab6a, Rab7a, Rabl1b, Rab27b, RalfBijure 4.3)was achieved. Attenuation of LITAF

and Rab37 could not be confirmed by the TagMan assays used here. Additionally, significant
downregulation of STX6 mMRNA was not succesgkifure 4.4C) At this stage, itvas

important to narrow down the large number of galliantsfor further analysis to allow a

detailed exploration of the impact of target attenuatitence, based on these results it was
reasonable at this point to exclude STX6, LITAF and Rab37 from fuettpdoration.

CD9KD, CD81KD (#0291 and #2433), CHMPA4CKD ( #7971), Rab6aKD (#9588 and #7983),
Rab7aKD (#0577 and #9642), Rab11bKD (#0618 and #1919), Rab27bKD (#4016 and
#3978), Rab35KD (#0003 and #0335), PCLOKD (#6484 and #6485), SCAMP3KD (#6861
and #822), VAMP3KD (#0472 and #0915), VPS28 (#4149 and #8464) were chosen for
future experiments, based on gteongdownregulation of mMRNANnd no obvious issues with

the general attachment/viability of the transduced eels observed
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Figure 4.3: Validating the attenuation of candidates likely involved in intracellular
vesicle transport byTagMan Gene Expression assays

PC3 cells were transduced with MISSION® shRIAtiviral particles targeting the indicated
candidates. Relative mRNA expression levels of the candidates were assessed by TagMan
gene expression assays (QPCR). Theates were normalized to GAPDH and compared to
the mMRNA levels in PC3 cells transduceith NMC viral particles.Candidates likely
involved inintracellular EV transport were assessed: Rab6aRAd7a (B)Rabl1lb (C),
Rab27b (D) and Rab35 (E)hebar charshows the mea#/-SD of 3 technical replicate8o
downregulation is indicated abotlee bars. Red arrows point out clones that were selected for
further analysisOneway ANOVAwi t h Dunnett 6s muHodtéespwae c o mp a't
performedandns= nonsigrificant, * =P<0.05, ** =P<0.0], *** =P<0.001, **** =P<0.0001
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Figure 4.4: Validating the attenuation of candidates likely involved invesicle releasdy
TagMan Gene Expression assays.

PC3 cells were transduced wNHSSION® shRNA lentiviral particles targeting the indicated
candidates. Relative mRNA expression levels of the candidates were assessed by TagMan

gene expression assays (QPCR). Theates were normalized to GAPDH and compared to

the mMRNA levels in PC3dlls transduced with NK viral particles.Candidates likely

involved in EV biogenesiwere assesse®CLO (A), SNAP23 (B) STX6 (C), SYNGR2 (D)

and VAMP3 (E) The bar chart shows the me&hSD of 3 technical replicate$s

downregulation is indicated abotlee bars. Red arrows point out clones that were selected for

further analysisOneway ANOVAwi t h Dunnett 6s muHodtéespwae c o mp a't

performeal. ns= nonsignficant, * = P<0.05, ** = P< 0.0], ** = P<0.00] *** =P<0.0001
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4.2.3 The Impact of candidate attenuation on cell proliferation

On occasion, interfering with a particular transcript may cause significant perturbation to the
cells in their capacity to operate major biological processsing attenuation of attachment

and proliferation, or leading to a promotion of cell death. Because the roles of the targeted
transcripts are not fully understood, these arguably unwanted effects may indeed be due to the
activities of the loss of targekpression. Alternatively, such effects may instead be associated
with unknown off target impacts of the transduction. Before moving ahead to evaluate the
effect of KDs on EVs, it was important to consider the KD from a generaheealth

perspective. Gien the repertoire of cell variants, we considered cell proliferation as a good
measurement of this, where any significant deviation from thenaosduced wildype cells

would raise concerns.

This was assessed by performing a colorimetric V8&iBsay, in a similar fashion to the
puromycin kill curve, in order to ascertain the potential toxicities associated with the KD.
First, to compare the wildtype PC3 cells and theQ\d¢lls both celvariantswere seeded at
identical densities on the same plate. At specified time points up to 96 h, th&\a&Say

was performed, and absorbance values (proportional to the number of living cells per well)
were compared (Figure 4.5A). Across all time pointssuead here, the formation of
formazan, and hence the cell number, were similar for wildtype PC3 cells aGdcBIM.
Therefore, the NN cells were considered as a suitable control, because viability was not

impacted by transduction using an irrelevant shRf¢4uence.

As an example of such investigation for a KD ealtiant the impact of CD9 attenuation on

cell viability was explored (Figure 4.5B). In this cell line CD9 mRNA levels were
downregulated by 80% and this was very well tolerated as we did not see significantly
reduced cell numbers compared to the Gldver the time span tested here. Consequently, we

did not have any toxicity concerns for this cgdfriant
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Figure 4.5: Impact of shRNA transductionson cell proliferation in PC3 cells.

A) NMC cells and PC3 cell¢B) NMC cells and CD9KD cells an@C) NMC cells and
Rab35KD cells (clones #0335 and #0003) were seede@Q dells/well in a 94vell plate.
Cells were incubated with WSg at specified time points up to 96 h after seeding. The

formation of formazan was detected with a PHERAstar FS Microplate Reader measuring the

absorbance at 450 nm. The background was megstit650 nm and subtracted. Symbols

represent mear/+SD, based on cells in 6 wells. 2-Way-ANOVA wi t h

Tuk ehpd s

test was performedndns=nonsigrificant, * = P< 0.05, ** = P< 0.01, *** = P<0.00],

ek =P<0.0001
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Another example for such exploratienshown for Rab35 in figure 4.5C. It was previously
validated in our lab that the attenuation of Rab35 does not have a detrimental impact on cell
proliferation in a PCa cell line (DU145). Using the same shRNA sequences for the attenuation
of Rab35 in PC&ells, we found KD of Rab35 had eithesevergclone# 0335) or no (clone
#0003) impact on cell proliferation. These results prompted us to exclude cl@Btefrin

our study.

Theimpact of target attenuation was investigated for all selected candidates in this fashion
and is summarised in table 4.1. Clones with significantly downregulated cell proliferation on
more thartwo timepoints compared to the NB/kells posed serious toxicity concerns and

hence were excluded from further evaluation (Rab7aKD (clone #08@B11bKD (clone

#1919, clone #0618), Rab35KD (clone #0335), SCAMP3KD (cl@*23, SYNGR2 (clone
#7952)andVPS28KD (clone#8464). Clones which showed reduced cell proliferation at one
time point but recovered to normal levels afterwards were not considered a major concern in
regard to their cell toxicity and considered for further evaluation. In cases, where both clones
did not rase toxicity concerns, the clone with the lower expression of the candiela¢e/as

selected for further evaluation.

Applying these criteriafor the majority of candidates, we were able to select one clone that
had significant target attenuation and lacked a detrimental impact on cell proliferation:
CD9KD, CD8IKD clone #2433CHMP4QKD clone #7971Rab6#&D clone #9488,

Rab7&D clone #9642, Rab2HbD clone #4016, Rab3®D clone #0003PCLOKD clone

#6484 SCAMPXD clone #861, SYNGRZXD clone #0094SNAP23D clone #8715,

VAMP3KD clone #0472 an¥PS28KD clone#4149Theselection of clones covered

candidates in groups likely representing EV biogen&sab, GTPases and EV release
representing various molecular machineries and thus we expected to observe a range of EV
impact in regard to quantity and molecular composition. Importamaypwing down the
candidate list allowed a first exploration of the potential role of the selected candidates on EV

secretion and molecular composition
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Table 4.1: Impact of candidate attenuation in PC3 cells on cell proliferation

Cellswere seeded at@0O0 cells/well in a 94vell plateandincubated with WS8 at

specified time points up to 96after seeding. The formation of formazan was detected with a

PHERAstar FS Microplate Reader measuring the absorbance at 450 nm. The background was

measured &850 nm and subtracte@ell proliferation for the indicated KD was compared to
the NMC cels based on cells in 6 wellgWay-ANOVA wi t h

T u k ehpdtest wass

performedns= nonsigrificant, * = P< 0.05, **=P< 0.0, ** = P<0.00], *** =P<0.0001

NMC compared to

CD9KD

CD81KD (#0291)

CD8KD (#2433)
CHMP4CKD (#7971)

Rab6aKD (#9488)
Rab6aKD (#7984
Rab7aKD (#0577)
Rab7aKD (#9642)
Rab11bKD (#0618)
Rab11bKD (#1919)
Rab27bKD (#3978)
Rab27bKD (#4016)
Rab35KD (#0335)
Rab35KD (#0003)
PCLOKD (#6484)
PCLOKD (#6485)
SCAMP3KD (#6861)
SCAMP3KD (#8522)
SYNGR2KD (#7952)
SYNGR2KD (#0094)
SNAP23KD (#4789)
SNAP23KD (#8715)
VAMP3KD (#0472)
VAMP3KD (#0915)
VPS28KD (#4149)
VPS28KD (#8464)
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No

No

No
No

No
No
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No
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No
Yes
Yes
No
No
No
No
Yes
Yes
No
No
No
No
No
No

Yes
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4.2.4 The impact of putative EV regulators on EV secretion

We next wanted to explore whether or not there was an attenuation of EV neldes&D

cells. This represented a firplass exploration, given the large number of candidates to be
evaluated. It was later intended that there would be $ortieerattrition and a simplification

of the repertoire of candidates, which would allow for confirmatory analysis to be undertaken

on a fewer number of cdlhe variants.

For the first pass, we evaluated a single (strongest KD) shRNA sequence for CD9, CD81,
CHMPA4C, Rab6a, Rab7a, Rab27b, Rab35, PCLO, SCAMP3, SYNGR2, SNAP23, VAMP3
and VPS28. Cells were seeded at equal cell densities and grown in media containing EV
depleted BS until the cell monolayer reached 80%. Subsequently, the media was replaced
with FBS free media and following 72 h of incubation cell CM was harvested for EV analysis.
Cell counts were performed at CM harvesting tpeénts and this data was used to eotifor

small differences in cell numbers, which may otherwise explain differences in EV quantities.
Hence data presented here are articulated as particles per cell. The number and size
distribution of nanosized particles in the CM was determined using the Nafosijiha

platform.

Comparing biological replicates tfo differentCM collectionsfrom the NMC cells, the
difference in the number of particles per cell (data not showrn3@b#s 9843 particles/cell)

was very high, although experimental conditions were kept as identical as possible. One
explanation for the observed differences is slightly different seeding densities. Another more
likely issue, however, is the dag-day variation with we often encounter when making
measurements on the NTA platforithis may be an issueithr the platform itself or related

to pipetting errors when making large dilutions.

The size distribution histograms were broadly similar, irrespective of the KD, revealing a
polydisperse population of nasparticulates with a mode between 100 and 200 nm, together
with a typical shoulder of 25800 nm which may reflect large vesiclessome aggregated

material (Figure 4.6A). Importantly, the media only control, lacking exposure to cells, showed
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more than 10dold fewer particlegml than the NMC CMthusmost particles in the CM are
cell derived (Figure 4.6A).

Across therepertoire of PC¥ariants, there were no significant differences in the

particles/cell ratio. The measurements were largely within the variation of repeat measures of
the NMC sample Figure 4.6B, dotted linesuggesting little to no impact on the capacity of

the cells to generate and secrete EVs. There was a modest impact for the VPS28KD cell
although our confidence that this is a real finding is low as the replicates were highly variable
(Figure.4.6B).

The mean particle size in the CM from ti#C cell variantranged from 159 nm to 179 nm
across two biological replicates (Figure 4.6C). The mean patrticle size in the CM collected
from all of the cell line variants was similar (Figure 4.6C), aittiin this range of variance.

Again, indicating that there was no measurable change in the proportion of small versus large
particles in the system following target attenuation.

Overall, these data were very surprising, and not at all what was expected based on our groups
past experience using the DU145 cell I{eung et al., 2018)t is striking that even with a
significant target attenuation of >80% no major impact on the number of released EVs was
detected. In particular, for Rab35 attenuation in the DU145 caused a reduction in the number
of EVs by 20%(Yeung et al., 2018)hich was not observed in the PC3 cells tested here. This
points to a highly cell line specific impact of the candidates and could perhaps be due to

aggressive nature of the PC3 cell line compared to the DU145 cell line
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Figure 4.6: Characterlsmg vesiclesfom lentiviral transduced PC3 cell CM by NTA.

125



The particles in the cell CM of the indicated KD cell lines were analysed using NTA revealing the overall size distfititi@iMbsamples. A)
Measurements for NMC are highlighted in red. Graphs show the mean of 9 videos obtainedeasuBnents fagach of 3 technical replicates.
The particle number was nornmegd to the cell number and the number of background particles in filtered media was subtracted from the
measurements. The relative vesicles/cell compared to the NMC was calculaBrdiB) C) shows mean sizé SD, Oneway ANOVA with
Dunnettds mul t i-lhpdtest waoperfpraned wasoparforpiesls horsignificant
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4.2.5The impact of putative EV regulators on the molecular features of
EVs

4.2.5.1 Quantifying and Immunophenotyping of EV populations by EVQuant

The issues surrounding the reliability of NTA as a measure of vesicles, prompted us to
validate the findings using an independent orthogonal method. EVQuant is a microscopy
based technique, developed by consortium partner Dr MatiRoyan, Erasmus Medical
Centre, Rotterdam. Using this method, EVs are fluorescently labelled with-a lipid
incorporating dyeRhodamine) prior to being immolsid in an acrylamide gel in specialist
96-well imagingplates. The EVs are thereafter visualised by confocal micrgseop
fluorescenceevents present in a single optical plane are counted. In addition, using different
tetraspanin specific antibodies, that are directly conjugated with compatible fluorophores
allows to quantify the distribution of EV subpopulations basetheir tetraspanin expression
in one sample (Figure 4.fartjes et al., 2020)his approach therefore has the capability of
nanoparticle counting combined with immulabelling detection for EV phenotyping.

To minimise the impact dfampleto-samplevariation, the same samples as used for the NTA
analysis weralsoused for the EVQuant analysis. All CM samples (CD9KD, CD81KD,
CHMP4CKD, Rab6aKD, Rab7aKD, Rab27bKD, Rab35KD, PCLOKD, SCAMP3KD,
SYNGR2KD, SNAP23KD, VAMP3KD and VPS28KD) were processed on the saaging
plate and indicated that the overall number of detected particles in the EVQuant assay was
lower (5800 8,000 detected particles/ml) compared to the detected particles by \BT®-
12,000 particles/ml). This is likely because of the increased specificity of the EVQuant to
detect lipidcontaining nanoparticlesshencompared to the NTA which caatdiscriminate a

true vesicle from a solidggregate of protein.

As previously done for the assessment of particles/cell by NTA, the particles measured by
EVQuant were corrected for cell numbers. The results revealed no major changes in the
number ofEVs/cell upon attenuation of the candidate RNA compared to th€ aid thus so

confirming the NTA resultin terms of the lack of change in secretedsfE™gure 4.7B)
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Figure 4.7: Characterising vesicles form lentiviral transduced PC3 CM by EVQuant.

Representative images of the EVQuant assay showing background particles in DPBS (left) and in PC3 CM (right) staiemdewitirdne dye
Rhodamine (A)CM of the KD cell lines were analysed by EVQuant in duplicate. The concentration of EVs was normalized to the cell ndmber. Re
dotted lines represent the range of vesicle output compared to the NMC cells (B). The composition of the EV populatip@DE3B9ED63

CD9 and CD63+CD9 positive EVs) were determined by an overlap of the Rhodamine stainihg enlicated tetraspanin staining (a@b9

Alexa Fluor® 647C and an€D63 Alexa Fluor ® 488 antibody). Images were captured using the Opera Phenix, Perkin Elmer. Mean of the
duplicatest/- SD is shown.On&vay ANOVA with Dunnet t éhsctastiwhstperfprimed waspernformasEi nero N p o0 st

significant.
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These findings in which independent methods have been performed on the same samples,
suggest that the efforts to attenuate EV secretion have largely failed in terms of impacting the
gross quantity of vesicles. It remains possible howekiat there may be some minor changes

in vesicle expulsion which are below the detection sensitivities of these methods, and hence
not detectable.

Simultaneously to providing a quantification of the number of particles, the EVQuant assay
also providsinsights into the relative proportion$ differenttetraspanin positive EV
subpopulationsinitially, we planned to include CD81 in the exploration of tetraspanins.
Unfortunately, the suitable antibody was not available dseveredelivery delays caused by
the COVID-19 pandemic and henase opted for th@re-established antibody combination of
CD9 and CD63. For this purpose, fluorescently labellgd@D9 and antiCD63 antibodies
were added to theM samples and the distribution of CD9, CD63 single positive, double
positive, and double negative EVs microscopically determined.

Compared to the CM from the NB/cells, there wreno dramatic differences in the

distribution of CD63CD9 double negative, CD63CD9 double positive, CD9 positive and
CD63 positive population arising from any of the new PC3waiantsgenerated (Fig 4.7C).
Since one of the chosen targets for attenuation was CD9, we had expected to see a sizeable
reduction in detectable levels of CD9 positive EVs froesthcellsRather surprisingly the
analysis by EVQuant failed to show any major difference in the propoofiCD9 positive

EVs secreted from the CB#eficient PC3 cells. However, EVQuant only differentiates

between positive and negative expression of a specific tetraspanin, based on carefully
considered thresholds as discussed in the manuscript detailsggntiagterg¢Hartjes et al.,

2020) This is a binary positivel/lnegative readc
density per vesicle. Despite this limitation, we can state that the overall proportion of the
tetraspanins CD9 and CD63 across the population of EVs are gentatidlyisespective of

the candidate KD.
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4251 Immunophenotyping EVs using a microplate assay

To furtherexplore relative changes of tetraspanin expression on EVs from the PC3 cell
variants we used an immuadfinity platebased assay fdiulk EV detection previously
established within our group (Welton et al. 2016, Webber et al. 2016). Different
configurations of the assay were used to detect CD81 and CD9 in CM derived from the cell
variants(Figure 4.8). With this assay system we note that the output reflects an average bulk
population metric rather than a proportional measure reflecting veglzdets.

To assess levels of tetraspapisitive vesicles across the repertoire of cell variants the
collected CM of these cslivas normabed to 70000 cells/ml(cCM), prior to immune
affinity-based analysis. This was to allow relative comparisons to be made, by correcting for

possible differences in overall cell number.

CD81 levels in theCM samples were assessed using a CD81 antibody to catch the vesicles
and a biotinylated CD81 antibody to detect the vesiélegire 4.8A).cCM collected from

the SYNGR2KD cel showed a significant?0.001) decrease in the signal for CD81
compared to NNZ, suggesting a decrease in the number of CD81 positive vesicles in the
population, or a decrease in the levels of CD81 present on vesicles within the population.
Within this assay, we expected to see a dramatic reduction of CD81slggrakexamining

the CD81KD sample. Indeed, there was a drastically reduced signal for CD81 here, which
indicates that this mRNA attenuation led to a negative impact on cellular and thereafter
vesicular CD81 protein. It also validates the assay systemtableub detect changes in

CD8L1 positive vesicles.

Next, a variation of the assay was used, combining a CD9 antibody to catch the vesicles and a
biotinylated CD9 antibody to detect the vesicleg(re 4.8B). The detected fluorescent
intensity was lower compared to the fluorescent intensity detémt&2D81. This could be
due a lower affinity of the CD9 antibody compared to the CD81 antibody used in this assay,
or lower general levels of CD9 in thesiclepopulation. Nevertheless, there was a clear
indication of reduced signal for CD9 when testing the CD9KD sample as we would expect.
Most candidates tested here did not appea&ave an impact on the CD9 signal
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Cell CM was collected from the indicat&D cell variants The cell CMwasnormalsed to

700,000 cells/ml beforeadditionto the wells of an ELISA strip plate. A CD81 antibody was
used to catch the vesicles and a biotinylated CD81 antibody was used to detect the vesicles
(A). A CD9 antibody was used to catch the vesicles and a biotinylated CD9 antibody was
used to detect the vesicl@®). A CD81 antibody was used to catch the vesicles and a
biotinylated CD9 antibody was used to detect the vesj€@lesEurgium:streptavidin

conjugate was used as a fluorescent reporter. Graph shows mean of triplicateedells.

dotted lines represent the rangalefection foithe NMC cell variant 1-way ANOVA with
Dunnettds mul t i-lpdtest waoperfpraneds=snonsigrificang *=P< 0.05,

** = P< 0.01 ** =P<0.001 **** =P<0.0001
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Anotherconfiguration of the assayasused, exploring a CD81 antibody to catch the vesicles,
followed by detection using a CD9 biotinylated antiboBig@re 4.8Q. In this arrangement
several KDs showed changes in the signal. Again, regarding SYNGR2KD, there was a
significant decrease in the signBk(.001). There was also a significant reduction in the
signal for VPS28KD, CHMP4CKD, and RadkD. The biggest signal loss was seen with
either the CD9KD or CD81KD calrespectively, again consistent with the assay specificity
being as expected.ngxpectedly, CM from Rab35KD celhppeared to give an increased
signal for this configuration (CD81 catch/CD9 detect). This contrasts with previous
observations of the consequences of Rab35 attenuation in PC eeltg) et al., 2018)

albeit on a different cell line.

The results of the various catch detect assay performed (CD9CD9, CD81CD&ICD9
andCD81CD63) are summarised in table.4AB important point to consider when
interpreting theseombinedresults is that in the previous section (4.2.4) the quantity of EVs
was similar across all celriants Taken, the EVQuant results into consideration as well, no
changes in the distribution of CD63 CD9 single and double positive subpopulations were
observed. Hence, changes in the relative expression of CD9 deteatechinyophenotyping

is likely a reflection of changes in the composition of EVs and not due to a decreased EV
guantity. Clearly, variations in the expression levels of tetraspanins on single EVs requires

further validation for instance by utilising superaiegion microscopy.

The goal of tle characterisationperformedNTA, EVQuant, immunophenotyping) was to
identify the most promising candidates in regard to potential impact on modulating EV
guantities and molecular features andubsequentlyse these results as an attrition step to
narrow down the candidate list and allowing a detailed characterisation of the selected
candidats. Given that we did not observe any changes in the EV output, the rather complex

immunophenotyping assays were used to narrow down the candsdate li

The CM from theCD9KD, CD81KD andSYNGR2KD cels were the only samples that
appeared to hawehanges irtwo EV populationgtable 4.2)and hencevereincluded in

further experiments. The CHMP4CKD celriantwasalso selectebecause il variant
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appeared to have (together with tbB9KD andCD81KD varian) the biggest impact on
CD81 CD9 positive EV subpopulations.

Table 4.2: Summary of the immurophenotyping of EVs derived from CM

Arrows indicate an increased or decreased detection of the indicated tetraspanins relative to

thecCM of the control cells (NNZ). Highlighted in green are those candidates taken forward
ANOVA with

for the following experimentNA= non applicablel-w a y

comparison postoc test was performeds= nonsigrificant, *

= P<0.00, *** = P<0.0001

Sample/
Assay

NMC
CD9KD
CD81KD
CHMP4CKD
Rab6aKD
Rab7aKD
Rab27bKD
Rab35KD
PCLOKD
SCAMP3KD
SNAP23KD
SYNGR2KD
VAMP3KD
VPS28KD

CD81-catch
CD81 detect

CD9 catch
CD9 detect

CD81 catch
CD9 detect

NA

Kk Kk ‘
*hkk ‘

Dunnet't

= P< 0.05, **= P< 0.01, ***

CD81catch
CD63 detect

NA
1
**‘

Included
in further
analysis

Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
Yes
No
No

To gainmore insights in the effect of the target attenuatibthefour candidates, &nal plate

configuration was used, combining a CD81 antibody to catch the vesicles and a biotinylated
CD63 antibody to detect the vesiclesifimarised in table 4.2The CD81 CD63 levels
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appeared constant in te€M derived from the CHMP4CKD callFurthermore,htere was a
clear indication of reduced signal for CD81 CD63 when testing the CD81KD and
SYNGR2KD sample. In contrast an increase in CD81 CD63 was observed fCifhérom

the CDIKD cellvariant Importantly, together with the other immunophenotyping results,
CD9KD, CD81KD and CHMP4@ppeared to have a unique impact on the tetraspanin levels
suggested by various combinations of tetraspanimng downregulations and the magnitude
of the impact. Interestingly, the CD81KD and SYNGR2KD appetodtave a similar impact

on the tetraspanin levels. Thus, these results are the first indications that the selected
candidates control distinct EV subpopulations and support the selectionfafithe

candidates.

4.2.6 The stability of the target attenuation in the KD cell lines

The attenuation of all targets at mRNA level was previously validated by gPCR. Due the large
number of cell variants, confirmation of attenuation of all the candidates at a protein level and
the stability of the KDs was not attainable at an earlier statiggroject. Reducing the

number of candidates, the attenuation of the targets at a protein level and the stability of the
candidate KD was confirmed (Figuré4and Figure 4.10

In the CD9KD cellvariant KD at a mRNAlevel was stable oveserial passageas

determined by qPCR comparing the RNA levels a(P8fold decreaseompared to the

NMC cells) and much later with continuous growth at P2&-fold decrease compared to

the NMC cells) (Figure 4.9A). Determining the protein expression of CD9 by flow cytometry
revealed that the stable attenuation of CD9 was reflected also at a protein level as detected by
a CD9 antibody coupled to Per@®anine5.5Figure 4.9B and C)Compared to the NI,

the meanlfiorescent intensitgMFI) in the CD9KD was’ %% reduced gpassage @) and

83% reduced at PA&igure 4.9B) Importantly, the fluorescent intensities were

homogenously distributed across the cell population, revealing that the percentage of cells

expressing low CD9 levels at both passage numbers was morégthgRigure. 49B and C).

In the CD81KD cellvariant mRNA levels of CD81 were 2-#ld lower than in the NN cell

variantat an early passage number (H6yure4.9D). However, the CD81 mRNA levels
135



increased above N®llevels at a later passage number (P26 CD81 protein levels were
also determined using flow cytometry with a CD81 antibody coupled to AlexaFlour 647
(Figure4.9E and . At an early passage number (P6), Mt of the CD81KD cellariant

was 85% reduced compared to the Glbtlls Importantly, the majority of cells showed low
CD81 expression and only a small proportion of cells (10%) expressed high CD81 levels
confirming that this celNariantcan be used at early passage numbera.much later

passage number (P24), thi&l in the CD81KD slightly increased but was still 77% lower
compared to the NKI. However, we detected a drift in the population towards a high CD81
expressiongrounds50%of the population This prompted us to use this cediriantonly at

an early passage number and confirm the attenuagiorined in placesgularly.
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Figure 4.9: Validation of CD9 and CD81 attenuation in the generated PC3 variants.

Stability of the indicatediarget attenuation at mRNA level in the previouginerated PC3

cell variants: CD9KD and CD81KD. Symbols indicate technical replicates. Relative cellular
CD9 mRNA expression levels in the CD9Kiell variantwas assessed by gPCR at P6 and

P28 (A). The ctvalues were normalized to GAPDH and compared to the mRNA levels in
PC3 cells transduced with NBAviral particles. B) and (Cyhe CD9KD cell line and the

NMC cell line were stained with an anti CD9 antibody coupled with P&¢ahine5.5. The

CD9 protein levels were assessed using flow cytometry. RelativdaceLD81 mRNA levels

in the CD81KD cell line compared to the NIMells was determined by gPCR at P6 and P26
(D). The CD81KD cell line and the N®Icells were stained with an anti CD81 antibody
coupled with AlexaFlour 647. CD81 protein levels were then assessed using flow cytometry
(E) and(F). The bar chart showsthe medrfSbof 3 t echni c al replicate
was performed = P < 0.05.
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The stability of target attenuation was also assessed for the CHMP4CKD cell variant and the
SYNGR2KD cell variant (Figure 4.10). In the CHMP4CKD cells, there was a slight decrease
in the magnitude of CHMP4CKD attenuation over time at mRNA level (P6 cothpa26)
(Figure 4.10A). In contrast to this, downregulation of SYNGR2 was s{atidold reduction

at P6,4.4-fold reduction at P26 of SYNGR2 mRN#igure 4.DB). Both proteins, CHMP4C

and SYNGR?2 are barely described in the literature (2023) and aheily a limited

number of antibodies are available against each target. Fotabg#ts apolyclonal antibody
under different conditions (denaturing, rRd@naturing, various incubation times ardibody
concentrations, cell lysate concentrationsye tested byVestern blottingDespite our efforts

to optimise the detection of SYNGRRad CHMP4Chis wasunsuccessfuFor SYNGR2 an
additional monoclonakntibodywas sourced and testadingWestern blotting, again to no

avail. We were therefore unable to determine protein expression at baseline nor under

influence of shRNA for these targets.
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Figure 4.10: Stability of CHMP4C and SYNGR2 attenuation over time.

Stability ofthe target attenuation in the CHMP4CKD (A) and SYNGR2KD (B) cell variants
was determinedRelative cellular mMRNA expression levels were assessed by gPCR at P6 and
P28. The cwalues were normalized to GAPDH and compared to the mRNA levels in PC3
cells transduced with NMlviral particles. Symbols indicate technical replicates. The bar

chart shows the mear-8D of 3 technical replicates.
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4.2.7 The impact of candidate attenuation on proliferation

As discussed, anipulating the secretony intracellular transpogiathwaymay be toxic for

cells. For instance, attenuation of the ESCRT component VPS25 has been shown to have an
impact on cell proliferation in DU145 celf¥eung et al., 2018 Consequently, alterations in

EV secretion upotheattenuation of candidates, could rather reflect the impact on the cell
health instead of target specific impacts. Previously we have shown that attenuation of CD?9,
CD81, CHMP4Cand SYNGR?2 did not impacell viability in our first pass analysis. Here,

we complemented these results with a growth curve of the selected Kiartaiits(CDIKD,
CD81KD, CHMP4C, SYNGR2KD) over @6-h period tore-confirm thatthe impact of the

candidate attenuation on cell pfetation is indeed negligible (Figure 4)1

1,500,000 o= NMC
1,250,000 — CDYKD
- — CD81KD
2 1,000,000
E CHMP4CKD
2 750,000 SYNGR2KD
S 500,000
250,000
0 : . . .
0 24 48 72 9

time (h)

Figure 4.11: Growth curves of the NMC, CD9KD, CD81KD, CHMP4CKD and
SYNGR2KD cell lines.

The impact of the KDs on ceglroliferation was determined by seeding the cells at equal

numbers in triplicate and quantifying the cell numbers ovdr. Each replicate was counted

three times at the indicated time poiatal isrepresented as the mean. A avey ANOVA

for each time point wit h -hDatestrwastperformedmms$+ t i pl e

nonsignificant.
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4.2.8 Characterisation of purified vesicles derived from CD9KD,
CD81KD, CHMP4CKD and SYNGR2KD PC3 cells

Reducing the number of candidates from 17 to émly allowed amorein-depth exploration

of the potential role of the selected candidates. However, before embarking on the functional
exploration Chapter 5), the impact of target attenuation on vesicle outpuagas
validated.Despite the limitations of the Nanosightplatform described earlier, NTA is
currentlyone of the most routinely performed analysis in the EV field. To improve chances of
accurate EV counting, CM was subject to ultracentrifugatoseparate EVs from other

factors, including noiieV particulatesand the NTA conducted on this concentrated material

Thereduced sample number allowed extensive measuremetitseebiological replicates

per KD capturing>10,000 tracksn total. As observed previously the size distribution across
thetested samples was broadly similar with a peak around 100 nm (Fig@re #)1
Importantly, no peaks at largsizeswere detecteduggestingareductionin protein
aggregations in the samgle example Furthemoreg the number of particles per cell was
similar across the control celariantandthe KD cellvariants(CD9KD, CD81KD,
CHMP4CKD, SYNGR2KD)validating that theecandidates did not have a major impact on
EV quantities Figure 421).

Interestingly, investigating the mean size and mode size in more detaftedslight
differencesacross the samplesay be apparengll of the particles derived from the KD csll
were below both thenode size of particles from the NBdamples Wwich was 13Zim andthe
meanl49 nm (Figure 4.13G and HYD9KD (mean:124 nm and mode: 107 nm), CEB81
(mean:131nm and mode:119 nm) CHMP4CKD (mean:118 nm and mode:95 nm)
SYNGR2KD (mean:128 nm and mode: 119 r{Fiyure. 4.2G and H. This could
potentially indicaée differences in the biophysical nature of the releases] BEY would need

confirmation e.g., by Cry&M to be certain.
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Figure 4.12 Characterising purified vesicles fom lentiviral transduced PC3 cells by
NTA.
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Purified EVs of the indicated KD celbariantswere analysed using NT# determinghe

overall size distribution and particle concentrations of the isolated EV samples. For each cell
line, 3 technical replicates tireebiological replicates were measur@g-(H). Meanand
modeparticle size of the purified EVs from the indicated KD cell lines is show&)mand

(F) respectively The particle number was normalized to the cell number and the number of
background particles in filtered media was subtracted from the measurémerite protein
concentrations of the analysed samples are sho(&).iGraph showmean+/-SD. 1-way
ANOVAwi t h Dunnett 6s muHottéespwasperoronets=anomsigficantp o s t

* = P<0.05, *=P< 0.01 *** =P<0.00] **** =P<0.0001

Furthemore using a BCA assay protein, concentrations were determined and revealed that
themean NMC EV protein concentration was pg/ml (Figure 4.12J)The protein
concentrations varied across the triplicates of theON&hging from 351g/ml to 117ug/ml.
Compared to the NMC EVshe¢ mean protein concentrations of the KD EV samgigsot

showmajor differences in the overall protein cargo of the EVs.

4.2.9 TGF-b levelsis altered in the KD EVs

We were interested in evaluating the impact of the candidates on other EV cargo components
(other than tetraspanins) and elected to assess levEGFabl. This signalling molecules a
pleiotropic regulator of homeostasis across various tissues with immune suppressive functions
in adaptive and innate immunifilassague and Sheppard, 2028)portantly, research by

our groups and others has shown that EVs are carriers of funcii@rabl (Webber et al.,

2010) which is relevant for stromal cell responddsnce, TGFb 1 o n [EBEdsassea s
(Figure 4.B).

CM from the NMC, CD9KD, CD81KD, CHMP4CKD and SYNGR2KD eelerecollected
normalised according to cell numbers and subgkict an ultracentrifugation stepo
concentrate EV.SThe supernatants were discarded and -BGEoncentrations in the total
pelleted material was assessed. Ti@Foncentrations in the pelleted material from NMC
and CHMP4CKD were detected at comparable levels (725 @gdh648 pg/ml respectivgly
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Surprisingly, both the CD9KD EVs and CD81KD EVs showed significantly elevated
concentrations of TGB1 (1,060 pg/ml and ;B21pg/ml). Furthemore SYNGR2KD EVs
appeared to havelawer concentration of TGB 149 pg/ml) compared to the NMC EVs.

This could suggest changes in the TRFvesicular TGH1 cargo upon CD9, CD81 and
SYNGR?2 attenuation. However, it needs to be noted that this was a crude ultracentrifugation

step and hence other soluble material might hayeetieted.
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Figure 4.13. CD9, CD81 and SYNGR?2 influence vesicular TG levels

TGFb1l | evels on isolated EVs from the NMC cel
and SYNGR2KD cell line were assessed with a GE E LSyr8bAls indicate technical

replicates of the same celbpulation. Onavay ANOVAwi t h Dunnettds mul tip
posthoc test was performed, and= nonsignificant, * = P< 0.05, **=P< 0.0,

*** = P<0.00] *** =P<0.0001
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Summarising the results in this chaptee did not observe major differences in size taxal

EV outputas a consequence of any of the KBsnicroplate immunophenotyping assay
indicated CD9, CD81CHMP4Cand SYNGR?2 as potential regulators of teaspanin
relatedphenotype of EVsAnalysing directly isolated E¥from this select set of KDagain
revealed no differences in EV output per ddibwever, aslight decrease in the EV size was
observedogether with some differences in T@GE-load Taken together the impact of KDs

on the PC3 cells have been very disappointing, resulting in some very subtle changes in the

EV which display noruniformity across the four KDs tested.
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4.3 Discussion

The work presented in this chapter falls in line with previous successful attempts by our lab
and others to attenuate potential EV regulators by an shiikiéad approach to explore and
define the roles of potential EV regulat¢@olombo et al., 2013, Yeung et al., 201a)d
thereafter act as a basis to explore the functional consequences of such attenuation in a

number of experimental settings.

Targeting 17 candidates selected for this work showed heterogeneity in the efficacyasf KD

we expectedwith strong attenuation of >80% for many and at least 52% attenuation for

several factorthat putativéy controlEV biogenesis (CD9, CD81, VPS28, CHMPA4C,

SCAMP3) and release (SNAP23, VAMP3, PCLO, SYNGR2) in PC3 cells. Fortinerwe
significantly attenuated the mRNA for several RabPases (Rab6a, Rab7a, Rabl1b, Rab27b,
Rab35), associated with endocytic traffic functions. Perhaps, attenuation of BIitARab37

could not be confirmed by the TagMan assays used here because these mMRNA transcripts may
be at such low levels or absent in the PC3 cell line and consequently unlikely to be hugely
important for the investigation at hand. Additionally, significattenuation of STX6 was not
apparent, even though we Hack attempts at this. Based on these results it was reasonable at

this point to exclude these three latter targets from further exploration.

Attenuating genes can cause a perturbation of a variety of cellular systems such as cell
proliferation or apoptosis. As a consequence, increased cell death might occur which renders
the analysis of the secreted vesicles difficult. This can lead for irstaran increase in the
release of necrotigesicles, cellular organelles and fragments which have a distinct molecular
make up(Shlomovitz et al., 20219nd renders the analysis of EVs in a noisy background of
structures very difficult. Therefore, the impact of the KDs on cell proliferation was
investigatedindeed, a range of KD cell variants raigeslicity concerns and were thus

excluded from the following experiments (table 4.1). However,imortant to note that

EVs also play a role in wide range of biological functions including cell proliferation and
export of cellular waste. Thus, perturbation of cell proliferation might also be a consequence
of EV dysregulation antienceserve as a potential readout of EV regulatlomould,

however,be challenging t@xplore this in more detail given the increased cellular complexity

comparing different cellular states. Another aspect to consider is, that the KD might also have
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off target effects eliciting an endogenous stress response to viral infastidhus ultimately
leading to cell deat{Olejniczak et al., 2010)

We proceeded to investigate whettierattenuation of our selected candidates modulates the
guantity and phenotype of released EVsing NTA, we only detected a slight impact on the
number of particles/cell for one candidate, VPS28. The Nandsigike all current NTA
instruments, measures all particles in a sample and is therefore not EV specific. Additionally,
our system is increasingly insensitive to small particles, we think due to laser power being
reduced as the laser ages. Hence backgrparitties are an issue with these measurements,
and subtlehanges in EV concentrations might be masked by measures of background
particulate matter. Furtherore there are a plethora of factors that influence the sample and
consequently the measurement. iagtance, it has been shown that the storage container of
the samplesmfluences the detected particle concentrati@rsfiths et al., 2020)Hence, for
polydisperse samples it is crucial to keep the sample storage conditions and measurement
settings identical to reduce variations between measurem@hise have tried to ensure

these considerations are in place.

To validate the NTA results, we used EVQuant, a microst@sed higkthroughput EV

specific technique to determine the number of EVs per cell ifld&ftjes et al., 2020)ike

the NTA data, detection of vesicles was readily possible yet revealed little compelling data in
terms of &KD-mediatedalterationin vesicle outputWe only detected a slight increase in the
number of particles per cell for the VPS28KD cell line by NTAerestingly, in a previous
screen by Colombo et.atargeting a different ESCRT component CHMP4C in HelLa cells
enhanced exosome secretion (Colombo et al., 2014), and hence perhaps this small elevation
may be real. In other systems, SNAPRF,AF (SIMPLE) and Rab27b have well

documented and dramatic effects in regulating vesicle ougubint mutation of SIMPLE in
primary mouse fibroblasts caused a decrease in exosome release b{Zzhu8bal., 2013)

A truncated version of SNAP23 which forms a fionctional SNARE complex showed a

drastic reduction of released exosomes in HelLa @édsweij et al., 2018)Rab27b KD in
HeLaCIITA cells causes a slight but significant reduction in the concentration of EVSs.
(Bobrie, A., et al.2012). In contrast howeviawre did not observe changes in the EV output in
the PC3 cell line, following SNAP23KD, SIMPLEKD or Rab27bKD, yet we know that the
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attenuation of mMRNA for these was succesg$alb35 and CD9 have previously been
attenuated in the PCa cells DU1#mwever only KD of Rab35 in DU145 cells resulted in a
significant reduction (23 %) of the detected partickeisereas KD of CD9 failed to do so
(Yeung et al., 2018Here we did not see any changes in the EV concentration upon
attenuation oeither CD9 oRab35 in PC3 cells. Interestingly, CB® in melanoma cells
causes an increase of EVs in the CM (Suarez,&2Gf11). The authors claim that this was
caused by compensatory mechanisms in the cells with an increased expression of other
tetraspanins.

The croslatform (Nanosigh and EVQuant) validation of the results described in this
chapter supports the finding that there were no dramatic changes in the number of EVs
secreted by the manipulated PC3 cells, and for the overarching aims of the study this is an
extremely disappoiirig finding. The reasons for this failure to even partially attenuate vesicle
production in these cells, are currently unclear. The PC3 cetkssslected with the view of
performingin vivo studies, and to induce a deficigrin metastasis upon Es&ttenuation. PC3
cells are reported to be highly aggressive, and highly metastatic in irghefinoient mice
(reviewed inWu et al., 2013)This apparent ability of PC3 cells e resistanto

manipulations targeting endogendtl production machineries might suggest unusual
processes in PC3 cells in terms of vesicle regulation that are beyond what is currently known
about vesicle biogenesis, traffic and exocytosis, and that perhaps resistance to vesicle
modulation in this specificell line may underpin the aggressive growth and spread of this
cell linein viva. Alternatively, it may behatthis cell line predominantly produces vesicles

from a plasma membrane (ectosomal) route, and that our attempts of targetswreaido
manufactured vesicles (exosomes) are negligibRdAB cells Some advanced imaging tools
may be helpfuto explorethe secretory ratm live cells using for example the well

documented pHIuorkfusion protein systerfVerweij et al., 2018)

Another aspect thanfluences the amount of detected EVs in CM is theptake of EVs

after their expulsion. Importantly, the molecular featuriethe EVs appear to influence the
uptake rate e.gplateletderived EVs are up taken at a higher rate compared to EVs from red
blood cells(Koponen et al., 2020Furthemore PC3 cell derived EVs show a high uptake

rate by PC3 cells and benign epithetiallscompared to primary malignant prostate epithelial
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cellsRC92a/hTERT(L&zarclbafiez et al., 2017)n addition to thisthe expression of

dynamin, a regulator of endocytosis is increased in advanced PCa, indicating increased
endocytosigXu et al., 2014)This might be the case for the PC3 cellere rapid re

acquisition and processing in an autocrine fashion may be a confounding element that
constrains our capacity to show definitive changes in the production pathJeryse,
considering thextensive range of PC3 variagisnerated here, an increased EV release
might be not detected by NTA and EVQuant because of concomitantly increased uptake of
EVs as a consequence of high endocytosis rates.

Analysing purified KD EVs by NTA indicated that these EVs waightly smaller than the

EVs from the NMC cells Interestingly, there are regulators that specifically modify the size

of EVs.It was previously shown that oncogenes in endothelial cells can modulate the size of
EVs by altering the lipid metabolism and the lipid composition oféteased EVEKilinc et

al., 2021) Furthemore KO of SYNGRZ2 in neuronal cells from drosophila results in a shift to
aheterogenous population of synaptic vesicles, indicating SYNGR2 as a regulator of synaptic
vesicle sizgStevens et al., 2012f SYNGR2 performsa similarfunctionin PC3 cells needs

to be confirmed by transmission electron microscope and additiarsatly lipidomic to

determine the abundance of lipid species in the released EVs would potentially provide major

insights into EV biogenesis.

As well as quantity changes detailed by Yeung.etla authors also reported alterations in

the vesicle protein composition following shRNA attenuation of certain Rab proteins. This
raises the possibility that th€D of certain candidatawight impart a subtle impact on the
molecular composition of the vesicles and be more subtle than effects such as vesicle quantity
inhibition. To scope this among our candidates, we explored whether the attenuation of the
candidates had an impact mtraspaninsvith afocus on ©9, CD81 and CD63hese

tetraspanins are of particular interest for the work presented here as for instamocet al.

reported that CD81 positive EVs form the main subpopulation of EVs derived from PC3 cells
(Kaur et al., 2022)interestingly, attenuation of CD9 in epithelial cells was shown to not

impact the expression CD81 on E{Brzozowski et al., 2018 his was also reported in PCa

cells, wherdevels of CD81 positive EViemained stablen a CD9KD DU145 cells compared
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to control DU145 cell§Yeung et al., 2018)The results obtained here are in line with these
reports as we detected no impact on CD8dAN from the CD9KD cell line.

CD9 has been reported to regulate the quantity of released EVs in different model cell
systemsin CD9KO dendritic cells, exosome secretion is attenuated comieattesl wild

type cells(Chairoungdua et al., 2010j B-cells KD of CD9 results in a decreasesecreted
microvesiclesin plasma samples from PCa pats&@D9 positive EVs are enriched

compared to those of men with benign prostate hyperfl@sigkmad;ji et al., 2017a)

indicating a potential role of CD9 positive EVs in PE&nce, there was a particular interest

for this tetraspanirf-or the CD9KD cel, we achieved a stable attenuation of CD9 at the
cellular level of more than 90% over a period of 24 passages. The tetraspanin expression on
EVs is regulated by the expression of the tetraspanin of the parent cell. Hence, we expected to
see drastically racced detection of CD9 positive EVs by EVQuathbwever measuring CM

from the CD9attenuated PC3 cells, we did notet#tmajor changes in the secretion of CD9
positive vesicle populations. This indicates that there was not a 90% depletion of CD9
positive EVs. EVQuant only differentiates between positive and negative expression of a
specific tetraspanin. Perhaps, thember of CD9 molecules on individual EVs is reduced, but
the overall number of CD9 positive EVs is stable, this would be also in line with the plate

based immunophenotyping where we saw a reduction in the overall CD9 levels in CM.

To summarise, after generating an extensive set of PC3 variants we have demonstrated that
vesicle secretion from them remains robust, with little impact irrespective of often strong
MRNA attenuation. This surprising finding was validated with orthogon#iads, and

several rounds of confirmation. Instead, the attenuation of the EV regulators appeared to elicit
very subtle modifications in the repertoire of EVs being produced, indicated by changes in the
tetraspanin levels but also likely encompasses aerahgther molecular alterations,

impacting vesicle size. The collated data suggests that the attenua@ibd,aED81,
CHMP4CandSYNGR2 havehebiggest impact on the molecular composition of EVs, hence
we decided to focus only on these candidates in the following experiments. Excitingly, we
showed for the first time to my knowledge a potential role of SYNGR2 on the molecular
composition of EVs. Wither or not these subtle effects exert a functional consequence is the

next question, to be detailed in fodlowing chapter
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Chapter 5:

Impact of knockdown of CD9, CD81, CHMPA4C or
SYNGR2 on fibroblast function
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5.1 Intro duction
5.1.1 Tumour microenvironment

Solid cancerseside within a specialised niche termed the tumaaroenvironment (TME)

which is comprised of cancer cells, various immune cellsmagrophages and the tumour
stroma(Gocheva et al., 2010, Wyckoff et al., 200Cpnstituents of the stroma includen
cancerous cells (for instance, but not limited to, mesenchymal stromal cells, endothelial cells)
and acellular components such asE@M and the tumour adjacent vascular system

(Hanahan and Weinberg, 2011, Baghban et al., 2020)

The reciprocal communication between the-tumour components of the TME with the
neoplastic cells promote the growth and altered architecture ofdhgnant tissu¢hrough a
variety of well documented processes which ultimately lead to metastatic dissemination and
disease lethalityHanahan and Weinberg, 201 DAFs, present within the stroma of the

TME, play a critical role in remodelling and reorganisation of the acellular matrix, thereby
facilitating various processes that support disease progré8sighban et al., 2020, Chen et

al., 2021b)

5.1.2 Markers for cancer associated fibroblasts

There are various markee§sCAFs, such as fibrobl asSMAacti vat
However, due to the functional and phenotypic heterogeneity of the CAF cell population

within one tissue and across various tissues, these marker proteins are not expressed in the
whole cell poplation and a universal CAspecific marker remains to be fou(@hen et al.,

2021b)De s p i t SMA positige, CARbopulations have been found across various
cancersthus many studies focus on this cell populafiglyada et al., 2019, Costa et al.,

2018)

USMA monomersarrangedn filamentousstress fibresprovide amusclelike capacity
enabling the cello undergo cellular contraction and exachanical force on the

surrounding ECM. Focal adhesion complexes at the cell membrane link the intracellular
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polymerised}SMA fibres tothe extracellulafibronectinfibrils and thus mediate the
propagation of the contractile force to the local EGihz et al., 2001, Welch et al., 1990,
ChrzanowskaNodnicka and Burridge, 1996nterestingly, single cell sequencing studies on
samples derived from PCa patients showedW&i#A positive CAFs represent a major CAF
subpopulation in this malignaneyd thus this CAF subpopulation migiantribute to he
aggressiveness of the diseéBaxhorn et al., 2002Furthermore, a recent single cRINA-

seq study identified at leasto distinct 'SMA positive populations in the contestPCa
showing the heterogeneity of CAFs within one tis&Dieen et al., 2021a)

5.1.3 Secretome of CAFs

CAFsrelease a wide range of factors sucfe@d components angirowth factors (including
cytokines and chemokines) that orchestrate infiltration, cell activation and chargdslar
behaviours like motility that act fostertumour growth and invasiceind will be outlined in
more detail belowit is important to note, that despite the recent advances in describing
genetic phenoty®e uncertainty remains in assigning these genetic phenotypes to a distinct

functional phenotype.

Increased ECM secretion by CAFs leads to a higher stromal density, which protects
neoplastic cells from the elimination by immune cé8almon et al., 2012)n addition to
this, Gaggioli suggested that the deposited ECM components form tracks that boost tumour

migratory capabilities and invasivend&aggioli et al., 2007)

CAFs have been reported to secrete a range edigimgenic chemokines which stimulate
the formation of aneo vasculaturproviding the growing tumour with oxygen and essential
nutrients to maintain growth. One example is the paracrine signalling mokGiHevhich
has been reportdd be secretedly CAFsandpromote migration of PC3 celis vitro and
tumour growthin vivowhenPC3 cells and fibroblasts ate injectednto mice(Davies et al.,
2003) The important role of fibroblast derived HGF has also been confirmeatimusother
tumours including for instancbead and neck cancg¢umar et al., 2018)squamous cell
carcinomaEikesdal et al., 201&ndPCa(Webber et al., 2010, Qin et al., 2021)
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IL-6 isanotherpro-angiogenic chemokinevhich also contributes to a pro inflammatory
respons¢Raskova et al., 2022, Motro et al., 1998¢cumulating evidence points to an
important functional role of 6 released by CAFs to support the tum(@hintani et al.,
2016, Vicent et al., 2012, Ohlund et al., 2017, Elyada et al., 20i1®)e context of PCa, H6
secreted by fibroblasts has been shown to stimulate the secreli&@éfin PCa cellgIshii
et al., 2018pnd to elicit endothelial cell migratiqRaland et al., 2009)

5.1.4 Precursor cellsof CAFs

The originating cells responsible for the emergence of CAFs remain debated, and the
complexities of cellular plasticity where several different cell types may-tliffiesentiate to

acquire features of CAFs add to the difficulties ofpainting pathwaysontributing to CAF
development. Classical examples where epithelial cells become altered towards mesenchymal
(fibroblastlike) cells through EMT are well documented as components of the TME

(Zeisberg et al., 2007A range of other possible CAF source cells have also been proposed.
For instance, Karnoub et ahowed that mesenchymal stem cellsngected with tumour

cells in mice lead to the conversion of thesenchymal stem cellsto CAFs(Karnoub et al.,

2007) Other celltypesthat might be the origin of CAFs include pericy(elosaka et al.,

2016) endothelial cell§Radisky et al., 2007and of courseresidentibroblasts.

Fibroblasts arbowever also present constitutively in prostateerstitial stromal. The
activationof residentfibroblaststo becomeCAFs accompanies cancer formation, ,andhe
prostatesuch changes can be seen almost immediately in response to carcinogenesis.
Specifically, myofibroblasts adjacent to grancerous lesions tiie prostate termedprostatic
intraepithelial neoplasidave been document€@uxhorn et al., 2002)and their numbers and
ratio relative to glandular epithelial cells often increases with disease(Skaua et al.,

2020) Furthemore in a mouse model it was shown that CAFs can arise from tissue resident
fibroblasts locate@djacent to neoplastic tissue as opposed to circulating fibrobkists

recruited to the tissue and thereafter becoming GAFsa et al., 2016)

Since there are populations of fibroblastic cells, as well as bundles of smooth muscle cells,

present in the healthy prostate interstitium it is reasonable to explore potential for such
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resident cells to become altered toward a QiR& phenotype in response to tumour derived
factorsincludingEVs. Indeed, cancer cell derived EVs have been shown to induce a cancer
promoting CAF phenotype in fibroblasts isolated from normal regiotise¢fuman prostate.
For instance, EVs carrying TAGF1 i n dansete f -SNiAe and release of HGY
fibroblasts and in other words elicit myofibroblastic differentiatiebber et al., 2010,
Webber et al., 2015Fibroblasts that are activated by EV associated-bG&xhibit pro
angiogenic propertie@Vebber et al., 2016)n contrastrecombinant humafGFb 1 i nduc e s
U-SMA positive fibroblasts that fail teecrete HGF and fail foromote angiogenesis vitro.
Importantly, theCAF-generatingunctions of PCa derived EMgas also indicatesh murine
xenograftdy a reduced tumour growth whenriogecting EV deficient PCa cells with
fibroblasts(Webber et al., 2015)

5.1.5 Aim and objectives

In the previous chapter, | demonstrated evidence showing CD9, CD81, CHMP4C and
SYNGR2 have a distinct influence on the composition of the released EVswéeaied to
explore whether these observed changes had functional consequences with a focus on the

impact on the stromal response. The objectives to meet this aim were:

1)Assess t h®VApaymerisation in redponse to PC3 CM (from the KD cell
variants) by microscopy

2.) Determine the impact of purified EVs isolated from the KD cell variants on the

secretome and mRNA in the recipient fibroblasts using modified ELISAs and.gPCR

3.) Gaininsights into possible differencestime activation otignalling pathways upon

KD EV stimulation using a phosphokinase array

An overview of the strategy to achieve these aims is described in Figure 5.1.
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Figure 5.1: Strategy to explore the functional impact of CD9, CD81, CHMP4C and
SYNGR2 dependent PCdactors on recipient fibroblasts.

The boxes describe the experimentallgeto investigate the fibroblast response to CM, EV
depleted CM and isolated EVs from the KD cell lines (CD9KD, CD81KD, CHMP4CKD and
SYNGR2KD).CM was volume corrected based on PC3 cell number at harvest timg.(cCM
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5.2 Results
5.2.1 PC3 CM does not impactcell proliferation in recipient fibroblasts

We are interested in exploring possible roles of the candidates in modulating the functional
properties of PC3 cell derived EVs from a stromal fibroblast perspective. Before exploring a
range ofsuchimpacts, it was important to establish whether or not the vesicles had similar or
different effects on the general health and proliferative properties oé¢hment fibroblasts.

For some of our experiments, exposure of fibroblasts to EVs fhrwas essentiabs

typically this is when peak expression o thewly polymerised:SMA is seen during

fibroblast to myofibroblast differentiation (Webber et al 2010). Hence determining differences
in proliferative capacity during this timeframe was important in terms of interpretation of

results, such ashenquantifying cytokine secretion.

Theeffectof PC3 cellderived CM on the cell numbers of fibroblasts was assessed by a WST

8 based OrangU assay. To achieve this, fibroblasts were seeded at equal densities and grown
until 80% confluency. Subsequently, the cells were serum starved fiprtich was

followed by treatmentwithTGB1 (1.5 ng/ ml) or only medi a.
fibroblass treatedwith PC3 CM (NMC, CD9KD, CD81KD, CHMP4CKD, SYNGR2KD),

which was volume corrected based on PC3 cell number at harvest tilmea(7@ is hereafte

termed cCM. The fibroblasts were stimulated foh7and subsequently, an OrangU assay

was performed to determimiifferences irfibroblast cellnumber(Figure 5.2).

TreatmentwithTGFbh 1 (1.5 ng/ ml) had a s iaswuntreated i mpact
cells, consistent with expectationsof TBFL not bei ng a nStimuwagngn f or
fibroblasts with cCM from PC3 cellsohad no apparent impact stimulatingcell
proliferation.Microscopic observations confirmed the cells remained attached, and as viable

cells (not shown)Hence, PC3 cCMIid not stimulate g@roliferativeresponse ifibroblasts

and hence cell numbers at experimental end points would be equivalent throughout.
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Figure 5.2: PC3 cellderived CM does notstimulate the proliferation of AG02262
fibroblasts.

AG02262 fibroblasts were seeded at a density of 1,760 cells per well tvall9Q@ate.
Fibroblasts were treated for R2vith cCM isolated from the PC3 cell variants NMC,
CD9KD, CD81KD, CHMP4CKD, and SYGNR2KD after h2of conditioning. Fibroblasts
were incubated with OrangU forHland thereafter absorbance was measured with a
PHERAstar FS Microplate Reader. Graph shows mé&D+ based on 12 wells per
condition. The experiment was repeated twice with similar resitsway ANOVA with

Dunnet tlésompatsbntpodioc test was performeds= nonsigrificant
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5.2.2 The PC3 secretome induces fibroblast differentiation

Our lab has previously shown that CM derived from DU145 cells, a PCa cell line with a lower
metastatic potential than PC3 cells, is sufficient to induce a weak differentiation of fibroblasts
to expres$}SMA positive stress fibres and therefore acquire a myofibroblast phenotype.
Importantly a Rab35 dependant vesicle populatias identified astrongly contributing to

this mechanismwhilsta Rab11b dependent E&libsetvasnot potentn this procesgYeung

et al., 2018)This past evidence highlightisat distinct EV subpopulations exert distinct

functionson stromal cell recipients.

This provided a precedent thereforeitwestigate whether there was a CD9, CD81, CHMP4C
or SYNGR2 dependent effect on thenour cell inducegholymerisation of*SMA into stress
fibres in fibroblastsTo investigate this, fibroblasts were seeded at equal densitiesefi 8
chambers and serum starved forh/@nce the fibroblast confluency reached 80%. The starved
fibroblasts were treated for TRwith TGFb 1 (1. 5 ng/ ml ) omarediaonypy osi t i v
as a baseline condition. The response was compastonulation with cCM from the KD

cell variants (CD9KD, CD81KD, CHMP4CKD, SYNGR2KD and the NM®@/e used”C3

CM harvesting time pointat48 h and 72h to detect potential functional consequences of the
target attention during early (cCM48h) dater (cCM72h) EV secretiomwhere an

accumulation of more EVs at the later timepoint was predicted to give a stronger response
Following the stimulation, the fibroblasts were fixed, and the cells were immunolabelled for

U-SMA and microscopically assessed (Figure 5.3).

Stimulating fibroblastswithTGB 1 (1. 5 ng/ ml ) i nducSMA robust
polymerisation in most fibroblasts. The staining was clearly and unambiguously focussed to
stress fibres that were mostly positioned at the longitudinal axis of the dgll Doere was

the appearance of an alteration in cell shape in addition, with shorter more triangular
morphology apparent, compared to other treatmanis this is consistent with past

observations of the TGB responseAs expected, treatment with medialy failed to trigger

the expression dfF SMA positive stress fibres.
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NMC ¢cCM (cCM48h and eSMN@oRrmerisatom, although thiswasd U
more heterogeneous in its distribution amongst the cell population compared to the positive
control. Some indivi duaiSMA, aghimas btrless lgesa st r ong |l
stellate shap@-igure5.3 indicated by yellow arrog), whereas others stained weakly and

notable stress fibres were not clearly evident (Figure bl heterogeneityn the expression

of USMA, with some cellglearly expressing strefisreswhile others show a lack thereof
waspreviouslyobservedn our labwhen treating fibroblast with CMr isolated EVSrom the

DU145 PCa cell linéYeung et al., 2018, Webber et al., 20¥%pwever, he mechanisms

driving thisobservatiorarenot yet uncoveredv er al | , t h eSMA popitivee s si on o
structures appeared slightly more obvious in fibroblasts treated with cCM72h compared to a
treatment with cCM48h. This indicates that factors released later by PC3 into the CM had
accumulated during this periodhave stronger potency in modulating the morphology of

fibroblasts as we had expected

Interestingly, however focusing on the cCM48h treatment conditions (NMC cCM48h,
CD9KD cCM48h, CD81KD cCM48h, CHMP4CKD cCM48h and SYNGR2KD cCM48h)
differences in the magnitude of the fibroblast response occurred. NMC cCM48h caused a
weak expression dFSMA accompanied by a stellate sh§peure 5.3jndicated by yellow
arrows) of the fibroblasts which was similar to the impact of SYNGR2KD cCM48h. In
contrast to this, treatment with CD9KD cCM48h and CD81KD cCM48h appeared to trigger a
slightly weaker expreson of USMA predominantly expressed in fibroblasts with an

elongated shap@igure 5.3indicated by green array Furthemore CHPM4CKD cCM48h
promoted a strong fibroblast differentiation response characterised by al$®dhég

expression and a stellate shape of the ¢eifpire5.3).

cCM72h from NMC, CD81KD, CHMP4CKD and SYNGR2KD cgdll induced a
heterogenous expression@BMA in stress fibreshat was accompanied by a mix of stellate
and elongated shapes. However, the signBt8SKIA in the fibroblasts generally appeared
weaker across the KD cCBtimulationg(CD9KD, CD81KD, CHMP4CKD and

SYNGR2KD) compared to the NM&imulation suggesting all thEDs were functionally
perturbed in some fashion. Interestingly, the predominant shape of fibroblasts treated with
CD9KD cCM72h appeareid be elongated which indicates that this CM has a reduced
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capacity to promote the triangular morphology which was observed upon treatment with
NMC cCM72h. Furthermore, fibroblasts subject to CHMP4C&IM72h showed a flattened
morphology but a reducddSMA signal strength compared to both NMCM72h and
CHMP4CKD cCM48h. Thisuggestshat CHMP4C dependant factors released late by PC3
cells contribute to thpotency of thd°Ca secretomi@ terms ofmodulaton of fibroblast
differentiation whereas CHMP4C dependant factors released earlier appear @nhave
independentole.

Taken together, the soluble secretome of PéBwas sufficient teelicit weak fibroblast
differentiation. All the KD cell lines (CD9KD, CD81KD, CHMP4CKD and SYNGR2KD)
cCM72h appeared to have a diminished potency in inducing fibroblast differentiation.
However, mportantly,somedifferences in the response depending on the source of the KD
cCM were observedhis suggests that the factors released by theKTC8ell variants were
not only molecular but also functionally distineith respect to myofibrokbist differentiation

potency
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Isotype control

Media only

NMC CD9KD CD81KD CHMP4CKD SYNGR2KD

cCM48h

cCM72h

7 S
\
-

Figure 5.3: PC3 CM triggers fibroblast differentiation to a myofibroblastic phenotype

Starved fibroblasts were either treated foh7ARith TGFb 1 .5(ndiml), mediaonly, or
cCM48handcCM72hfrom the PC3 NN, CD9KD, CD81KD, CHMP4CKD and
SYNGR2KD cellvariants Thepolymerisatiorof U'SMA in stress fibres was examined by
i mmunofl uorescent micr os c eSMp (red)iasdlDARI (blae).ng t he
Yellow arrows indicate stellate fibroblast shape. Green arrows indicate elofigedbthst
shapelmages were captured in duplicate wells per treatment. 6 microscopic fields were
examined per treatment. Representative fields are shown. scald @aum.
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523 PC3 CM i nduc eSMAhranscgpeexpression it
fibroblasts

The mechani sms under | yi ngSMAIMm® stress BbeesinPCB p ol ym
CM treated fibroblasts are unclear and per ha
SMA mRNA, i-SMA preteirstrartslatioh or increased polymerisatiogyabsolic

U-SMA monomersnto stress fibresindependery of the former two processes. Hence, we

briefly exploredthis and assessedh ange s-SMA mRNA Uby -§\PAPRteiand U

levels by immunophenotyping.

Fibroblasts wersubject to the same treatment conditions as described above (FRure 5.
Subsequent |y RNA-SWAmRNA gxpression tletetminadrby gPOR.

U-SMA mRNA expression ifibroblasts remained stable upon TBFL s t i ,;andlthere i o n
was clearly a lack of strong induction of mRNMAmpared to the media only control (Figure

5.4A and B.

Perhaps unexpectedly, following treatment by CM, we saw a drastic decrease in mRNA for
SMA in almost all case€€ompared to the media only control, treating fibroblasts with NMC
cCM induced do8BMA tasaiptswhichovas more prahounced under
cCM48h ¢32-fold changePP<0.0001) than cCM72h treatmepr8.5-fold changeP<0.05)

(Figure 5.4).This stronger response to cCM48h was surprising as we predicted a stronger
response to cCM72h, where an accumulation of EVs in the CM is present. Hiesee, t

results suggest thaCM72h does not contain a mere accumulation of cellular facods

perhapsndicates a unique molecular composition compared to cCM48h.

| mportantly, SWlemRNAdpwhregulationin oOM tréated fibroblasts was
dependent on the source of cCM (Figure 5.4). Compared to the media only, stimulation with
cCM48h from t he -SREBRNA expressionavasimashprosinditigueed

in the fibroblasts treated with cCM from the NMC séH32-fold change), the CD9KD call
(-27-fold change) and the CD81KD ce(t31-fold change), all at comparable levels
(P<0.0001).Perhaps, pointing to a rapid RNA utilisation and then degradedsiosed by this

stimulus.
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cCM48h from the CHMP4CKD-4.6-fold compared to the media only treatment) and

SYNGR2KD (3.1-fold compared to the media only treatment) failed to elicit such a strong
response and this was consequently also accompanied by a highly significant difference

compared to the NMC cCM48h stimulatioR<0.0001). This indicates that both candidates

regul ate PC3 derived f act or-SMAttranacriptspnrfP€3not e t h
cCM (Figure 5.4A and B).

At the extended timepoint of #2for cCM-conditioning, the dramatic differences became less
apparent, and:SMA mRNA became broadly comparable across the 4@}s (ranging

between a2.3 and-5.4-fold change compared to media only treatment). An exception to this
observation was CD81KD cCM72h, which appeared to have a reduced potency indicated by a
less promient downregulation df:SMA transcripts in the fibroblasts treated with this cCM
compared to NMCH<0.05).

The observed differences in the fibroblast response upon cCM treatment ifwlibate that
thefunctional potencyf the cCM across the KD cell lines is distinct from each other.
Furthermore, these results suggests thabtisetof SMA-stress fibres in cCM treated

fibroblasts is noprincipally regulatedby a sustained upregulation of the transcript.
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Figure 5.4: PC3 CM downregulatesU-SMA mRNA in fibroblasts.

31,500 fibroblasts were seeded in-24ll plates and grown until 80% confluence. The fibroblasts senem starved for 72 andsubsequently

treated for 7 with mediaonly, TGFb1 or c¢CM48h or c¢cCM72h from the PC3 NMC, CD9KD, C
variants. RNA was extracted and the relative mRNA expressioiSodA mRNA was determined by gPCR. Thevelues were normatéd to

GAPDH and compared to the mRNA levels in media only treated fibroblast (Aw@ng A NOVA wi t h Dunnett éhsc mul t i
test was performechs= nonsignficant, * = P< 0.05, **=P< 0.0, *** = P<0.00] **** = P<0.0001 Light pink dars indicate a comparison to

NMC cCM48h, red stars indicate a comparison to NMC cCM72h. A summary of the comparisons is shgwn in (B
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524 PC3 CM i nduc e-SMAphotein gxprassidn m fibtbblasts

Next, we explored whether the induction of stress fibres was caused by an upregulation of
SMA at a protein level. For this reason, an immunophenotyping ipéested assay was
performedlt is important to note, that the immunophenotyping used here gives an overall
me as ur e me-8MA content tn Fibeobldsts, in contrast, the microscbpged approach
described above, which iseful toindicaget h e i n c o r SMAirdotsiruoturaktoess U

fibres.

Fibroblasts were seeded at equal densities iwélbplates. Once the cells reached 80%

confluency, the cells were sertstarved, and subsequently treatedwith TGE  ( 0. 75 n g/ n
or 1.5 ng/ml) or cCM72h from the KD cefariantsand the NMC. Given that the microscopy

i mages indicat e dSMA intoiparagian in stiess fibaes wherothe fibtbblasts

were stimulated with NM cCM72h, only the impact of cCM72h was assessed in these

readoutsand all following experimentd he fibroblasts were fixed amadcubated with a

mo u s e -SMAtartibody. This was followed by the addition of a biotinylated anti mouse
antibody. A streptavidin: europium conjugate was added, and the absorbance measured

(Figure 5.5).

TGFb1 (1.5 ng/ ml) treat SMApositivedtress ébdes (Fipuee f or ma
5.3) independent of an upregulaté&MA mRNA expression (Figure 5.4). T&F1 t r eat men
(0.75 ng/ml and 1.5 ng/ml) was accompanied by a significant upregulatiéB8MfA protein

expression compared to the media only cor{ffeD.01andP<0.0001respectively, Figure

5.5).1n contrast, NMC cCM72h caused a significant downregulation dfHBKIA protein by

32% compared to the media only treated fibroblasts (FigureThl)indicates that TGB 1

and PC3 cCM regulate the expressiotk&MA in fibroblasts through distinct mechanisms,
andpossiblypoints to a minor role of solubleEGF-b 1  p rirePC& @M compared to other

more prominent factors, perhaps EVs, that contribute to the differentiation of fibroblasts to a

myofibroblast phenotype.
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Figure 5.5: PC3KD cCM dependant modulation of -SMA protein expression in

fibroblasts.

Fibroblasts were seeded at a density,86Q cells per well in a 9&ell plate andyrown until
(1.5

80% confluent. Subsequently, the cells were treated forwizh mediaonly, TGFb 1
ng/ml) orcCM72hobtainedfrom the PC3 ceNariantsNMC, CD9KD, CD81KD,
CHMP4CKD, SYGNR2KD. Fibroblasts were fixeah d

a

mo U3V ardibodyiwas U

added. This was followed by the addition of a biotinylated anti mouse antibody. A

streptavidin: europium conjugate was added, and the absorbance me@sapbdshows

mean of 5 wellsPercentage above bars indicate percentage upregulation compared to NMC
cCM72htreated fibroblasts set at 100@neway ANOVAwi t h Dunnett
comparison postoc test was performad compare NMC cCM to the indicated treatment
conditions ns= nonsignficant, * = P< 0.05, **=P< 0.01 *** = P<0.001 **** = P<0.0001

A

0S
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Furthermore, compared to the NMC cCM72h treatment all of the ®¥d72h induced a
significant increase ik-SMA protein expression that varied in the magnitude of the impact
(Figure 5.5). In comparison to the NMC cCM72h, cCM72h from the CHMP4CKD and
SYNGR2KD cell variants both caused the biggest increaBeSIMIA protein expression by
99% (P<0.0001)and 76% P<0.001)respectively. Treatment with the cCM72h derived from
the CD9KD cell variant showed the smallest increase compared to the other KDs (64%,
P<0.0J). Interestingly, CD81KD cCM72h showed increase8MA mRNA compared to the
NMC cCM72h and this was also accompanied by an increase in the protein bi?<GR%L|
compared to the NMC cCM72h.

To summarisethese resultshowthat the expression of stress fibres in FeBstimulatel
fibroblasts is induced by an upreg8MAati on of
protein polymerisatiofsummarised in table 5.1n contrast, a different mechanism

i ndepe n-SMAMproteio &nd RNA expression appearsitderly the expression of

stress fibres in PC3 cCM treated fibroblasts (summarised in table 5.1). Thus, supporting a

unique regulatory role of PC3 cell derived factors in modulating fibroblasts.

Importantly for our study, there was considerable variety in the response of the fibroblasts
depending on the source of KD cCM treatmaith regard tdSMA expression (in stress
fibres, mMRNA and protein) (summarised in table 5.1). From all KD cCM72h tested, only
CD81KD cCM72h appeared to have a reduced strength in downregulatidGva

expression at both mRNA and protein level. In contrast, cCM72h from the CD9KD,
CHMP4CKD and SYNGR2KD cell variants all showed only a reduced capacity to supress the
expression ofSMA protein and not the transcripts. Importantly, theses different CM
conditions had a distinct impact on the expres&l&MA in stress fibres and the cell shape.
cCM72h from the CD9KD cell variant induced a triangular fibroblast morphology, whereas
fibroblasts treated with cCM72h CHMP4CKD showed a flattened morphology. SYNGR2KD
cCM72h treatment elicited a mix of elongatedi ariangulat}SMA positive fibroblasts.

This points to a distinct molecular composition dependent on the KD cell variant (CD9KD, or
CD81KD, or CHMP4CKD or SYNGR2KD) of the PC3 secretome, which was associated

with a perturbed functionality on stromal cells.
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Table 5.1: Summary of the impact of PC3 cCM on fibroblasts in regard td>SMA
expression in stress fibres, at MRNA level and at protein.

A denotes comparison MMC cCM48h " denotes comparison to NMECM72h The

controls (TGFb1 and media only treatment) were also includkd.  Indicates upregulation,
number of arrows indicate tmeagnitude of the response¥  indicates downregulation.
NA=not applicable.

U- SMA expres s
Treatment stress fibores |mMRNA protein

NMC 4 N NA

§ CD9KD" ¥ = NA

= CD81KD" i = NA

sl CHMP4CKD" 4 1 NA
SYNGR2KD" = 4 NA
NMC 44 \4 .4

§ CD9KDM ¥ = t

= CD81KDM Il 1 %

3 CHMPACKDM™ } = t
SYNGR2KD™ ! = t

S TGF-b1 (1.5 tg/ mi|) = t

[

8 media only - - -

5.2.5 PC3 CM modulates the secretion of various growth factorby
fibroblasts

As described, acquisition @fSMA stress fibres is indicative of myofibroblast differentiation,

but the nuanced phenotype(s) arising from CM as opposed to solublde TGFst i mul at i on
camotsolely be revealed by this marker alone. Hence, we have investigated the impact of the

PC3 CM on the fibroblast secretome with a particular interest-thdbhd HGF as both have

been described to play a critical role in creating a tumour promoting emerd(Paland et

al., 2009, Davies et al., 2003, Ishii et al., 2018yl is a complex solution containing soluble

factors and EV,swvhich might work in concert to elicit a robust response in the treated

fibroblasts. Therefore, we were interested in investigating the contribution of each PC3
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derived fraction (EVs, soluble factors and a combination of both) on the secretome of
recipient fibroblasts by utilising modified ELISAs.

To investigate this, serwstarved fibroblasts were treated with full cCM72h as discussed
beforewhere a hosof various cell derived factors are released from cancer cells. Or, to assess
the contribution of EVs, the cCM72h was subject to ultracentrifugation to pellet EVs and
subsequently the isolated EVs and the corresponding EV depleted cCM were used for the
following experiments. It must be noted that the efficacy of depletion in these experiments
was not confirmed but studies previously done by colleagu the lab clearly showed a

depletion of >80% by these methods, and a concomitant loss of potency with depletion, and a
restoration of potency upon adding the-Eth pellet The levels of the chemokines-@.and

HGF secreted by the treated fibroblasts was then quantified by a modified ELISA.
Importantly, the concentrations of both chemokipessent in the PC3 CMere below the
detection threshold of the modified ELISAs, and thus, the measwédid HGF levels

the system are largely or entiredgcreted by fibroblasts.

5.25.1 PC3 EVs modulate the secretion of IE6 in recipient fibroblasts

In baseline conditions, media only treated fibroblasts secreted 108 pgawihich became

increased td,08%1,375 pg/ml Il-:6 upon stimulatonwithTG®E 1 (0. 75 ng/ ml and
ng/ml) (Figure 5.6A). All NMC treatment conditions caused a significant increasetftat

ranged between 711 pg/ml (NMC EMVS},017 pg/ml (NMC cCM). EV depletion was only

partially successful in reducing the maximum level to78,jgg/ml (NMC cCMEV) (Figure

5.6A and B). This highlights that most of the6Linducing potency herein resides within the

nonEV fraction of the cCM. Of note, this seems to be case for all of the KD Gkttasre

(Figure 5.6A and B).

Direct stimulation of fibroblastwith the pelleted NMC E¥was howeverweresufficient to
elevate the IE6 concentration to 711 pg/ml which is 35% of the NBTM treatment (2,017
pg/ml). When comparing across the various EV treatments, all KD EVs appeared to elicit a
significantly reduced secretion of-#&.compared to the NMC EVs (711 pg/ml, 100%). The
most dramatic reduction was observed for CD9KD EVs (497 pg/ml, P&@&c001) and
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SYNGR2KD EVs (522 pg/ml, 73%<0.001), followed by CD81KD (541 pg/ml, 76%,
P<0.01) and CHMP4CKD EVs, which also induced a slightly reducesl $ecretion (603
pg/ml, 85%,P<0.05).

An increase in the detection of-B.in the fibroblast secretome can be caused by an

upregulation of IL6 transcription, increased release, inhibited uptake or a combination of the
aforementioned. To briefly explore thfyroblasts were cultured as previously described and

treated withthe repertoire oisolated EVs from cCM72h, mediaonlyorT®&FL ( 0. 75 ng/ n
or 1.5 ng/ml)We investigated only the impact of EVs, as this is the major focus of the work.
Fibroblast RNA wagxtractedand IL-6 mMRNA levelsdetermined by qPCR. This showed no

significant differences at the IL6 mMRNA level under these conditions (Figure 5.6C).

To summarise, PC3 CM modulates the secretion & ilitreated stromal fibroblasts. cCM
derived EV pellets alone were sufficient to trigggraatialincrease irthisrelease.
Importantly, compared to NMC EVs, EVs from all the KD s¢CD9KD, CD81KD,
CHMP4CKD, SYNGR2KD) showed a significant reduction in their ability to promote
increased IL6 secretionHence the KDs have perturbed the pirdlammatory functionality
of the EVs.
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Figure 5.6: CD9KD, CD81KD, CHMP4CKD and SYNGR2KD derived EVs lose their
potency to induce IL-6 secretion in recipient fibroblasts.
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CM from NMC, CD9KD, CD81KD, CHMP4CKD and SYNGR2KD cells was collected,
normalised to cell number and subject to an ultracentrifugation®tepcCM,the EV pellet
(EVs)and EV depleted fractiomCM-EV) were used for the experimenEibroblasts were
starved and treated with medialy, TGFb 1 .7%dd 15 ng/ml), EV depleted medizCM-
EV), EVs or full CM(cCM). CM from the treated fibroblasts was collected Hn@ levels
were determined with an ELISA for 1& (A and B) RNA was extracted from th&imulated
fibroblasts and the relative mRNA expression ebllwas determined by gPCR)( The ct
values were normalized to GAPDH and compared to the mRNA levels in media treated
fibroblast. Symbols indicate technical replicates of the same cell populatiolw&ne
ANOVAwi t h Dunnett 6s muHodtespwasepertomedpanad i son post
ns= nonsignficant, * = P< 0.05, **= P< 0.01 *** =P<0.001 **** =P<0.0001 Red lines
indicate the IL6 mMRNA expression range of the fibrobla@®3. The symbols denote the
treatment conditions: circles=EVs, filled squares=cCM., only square outlines&EdCM
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5252 PC3 EVs modulate the secretion afiGF in fibroblasts

Media only treated fibroblastsecreted 62 pg/ml HGF which was reduced by treatment with
increasingTGF 1 concent r #ofttieadnment (id0775 mynITGHDL landl4
pg/mlfor treatment witil.5 ng/mITGFb )L This HGF reduction is well documents and is
perhaps counter intuitive given the potemntofibroblast differentiation trigger of TGBL
(Webber et al., 2015) et HGF is secreted by myofibroblasts that are generated through EV
stimulus as we previously report@¥ebber et al., 2015NMC cCM induced the biggest
increase in HGF release in fibroblasts compared to all other full CM conditions tested here
(Figure 5.7A and B). Importantly, compared to the NMC cCM, NMC EV depleted media
failed to elicit the same concentration of HGF (pg7ml vs 533pg/ml), which indicates that
soluble factors alone are insufficient to trigger full HGF secretion, andhigapotency is
present in the pelletdeV rich material (Figure %A and B). Interestingly HGF

concentrations that were caused by NMCsE246pg/ml) and NMC EV depleted media (533
pg/ml) together added up to 7p8/ml, which is similar to the HGF concentration measured
for fibroblasts treated with NMC full media (79d/ml). This indicates that NMC EVs are a
critical constituent of NMC cCM working additively to elicit the elevated HGF secretion in

fibroblasts, and account for ~30% of the total activity.

Noticeably, this seemed not to be the case for the fibroblasts stimulated with CM from the
CD9KD, CD81KD, CHMP4CKD and SYNGR2KD cell variants (Figuré)5Compared to
NMC EV pellets (246 pg/ml, 100%), EV concentrates derived from all the Kvae#ints
caused a relatively poor increase in the release of HGF in fibrolPa&t©003, giving only
about 50% of the control E¥ctivity.
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Figure 5.7: CD9, CD81, CHMP4C, and SYNGR2 dependant EVasduce HGF secretion
in fibroblasts.

CM from NMC, CD9KD, CD81KD, CHMP4CKD and SYNGR2KD cells was collected,
normalised to cell number and subject to an ultracentrifugatiorastipll fractions used for
the experimentFibroblasts were starved and treated with medig, TGFb 1 .7%00 1.5
ng/ml), EV depleted medi@CM-EV), EVs or full CM(cCM). CM from the treated
fibroblasts was collected attiGF levels were determined with an ELIS& HGF (A). The
corresponding absolute HGF concentrations are sho{B).i®neway ANOVA with

D u n n enultipl@ somparison pogtoc test was performed, and= nonrsignificant, * = P<
0.05, **=P< 0.01 *** =P<0.001 **** =P<0.0001 A) displays the statistical analysis
comparing NMC EV treatment to KD EWeatmenh The symbols denote the treatment

conditions: circles=EVs, filled squares=cCM., only square outlines=-EO&M
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HGF production by fibroblasts can be modulated at the transcriptional level. This was
explored by determining the HGF mRNA levels in treated fibroblasts by gPCR (Figure 5.
Here, treating fibroblasts with TG X0.7 ng/ml and 1.5 ng/mbBaused a decrease in the
detection of HGF in fibroblast CM. This was also reflected at a transcript level &$cdd4
downregulation in the expression of HGF mRNA upon treatment with-@ GF.5 (hg/ml)

(Figure 58). The correlation of HGF secretion and HGF mRNA levadsanalso investigated

for fibroblasts stimulated with EVs and revealed there were no changes in the HGF transcript
level across all conditions tested (Figur8)5This shows that EVs and soluble T-GF Elicit

distinct cellular responses in recipient fibroblasts.
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Figure 5.8: PC3 EVs increase HGF secretion ifibroblasts independent of HGF mRNA
upregulation.

CM from NMC, CD9KD, CD81KD, CHMP4CKD and SYNGR2KD cellsanecollected,

normalised to cell number and subject to an ultracentrifugationesppify the EVs.

Fibroblasts were starved and treated with medist, TGFb 1 .7% dd 1.5 ng/ml)or EVs.

RNA was extracted from tretimulatedfibroblasts and the relative mRNA expressiorH@F

was determined by gPCR. Thewalues were normalized to GAPDH and compared to the

MRNA levels in medianly treated fibroblast. Symbols indicate technical replicates of the

same cell populatiorRed lines indicate the range of the relative HGF mRNA levels of

fibroblasts treated with NMC EVOnewayANOVAwi t h Dunnett 6s mul tipl

posthoc test was performed, ang= nonsignificant **** = P<0.0001
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Taken together, the data presented here indicates that EVs are a critical component in the PC3
cell derived CM that modulate the secretome of fibroblasts. Importantly, the results suggest a
critical role of CD9, CD81, CHMP4C and SYNGR?2 in contributinge tunctional

properties of the EVs (summarised in table.5.2

Table 5.2: Summary of the impact of PC3 EVs on recipient fibroblasts.

¥ indicates reduced levels, = indicates no changes obsdrved, indicates elevated levels.

Impact on fibroblasts
Treatment IL.-6 HGF
secretion |mMRNA |[secretion [mRNA

NMC EV
CD9KD EV
CD81KD EV
CHMP4CKD EV
SYNGR2KD EV
TGF-1 (1.5 ng/ml)

compared
NMC EV

—| | | = —p]
{1

| | ] | e |
I

controls |(to

media only = =

5.2.6 PC3 EVs alter the phosphorylation profile of fibroblasts

After showing that EVs from the KD celhad diminished potency in triggering a cellular

response in recipient fibroblastge aimed to explore the activated pathways that possibly
regulate cytokine secretion and ttedlular phenotype in more detail. For this purpose, a
phosphokinase assay, detecting the phosphorylation of 37 human analytes in one sample, was

utilisedto explore possible changesantivated pathways upon EV stimulation.

Fibroblasts were grown as previously described and treated withdg200 of EVs (NMC,
CD9KD, CD81KD, CHMP4CKD, SYNGR2KD) or media onlifter 2 h, ibroblasts were
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lysed, and the protein concentration determined. Thereafter, equal amounts of cell lysates
were added to the array membranes, and phosphorylated proteins were detected.

The impact on protein phosphorylatjmi media only treated fibroblasigascompared to
fibroblasts stimulated with isolated NMC EVs first (Figure.5.9 and table 5.3). Interestingly a
few analytes were phosphorylated even when the fibroblasts were treated with media only:
PDGF, SR@53, STAT3 andAkt, presumably reflecting baseline activation or constitutive

autocrine stimulation of these pathways.

With, NMC EVs stimulation, some kinases were mstirenglyphosphorylated, indicated by

a 1.5 stronger spot intensity compared to the control, and athersstinglywere less
phosphorylated, indicated by 0.5 less strong spot intensity compared to the control (7 and 3
respectively, Figure 5.9 and table 5.3). Thus, suggesting that EVs indusiagionof

several kinases and whilst also supressing the phosphorylation of othecsvating

phosphatases

Focusing on the analytes that were detected with at least a 1.5 higher spot intensity on the
membranes subject to NMC EV treated fibroblasts compared to the control, revealed the

activation of several constituents linked to differentiated fibroblasts.eTlihekided

regulators of}SMA expression (Kt1), immunomodulation (STAT3) and ECM remodelling

(RSK1 and STAT3), suggesting a strong and npdthway activation of fibroblasts

(described in detail in table 5.33iven the important role of STAT3 itontrdling cytokine

secretion, this analyte was of particular interesthénprevious chapter described that NMC

EVs carry TGFb linterestingy TGFb 1 has previously been descri
phosphorylation of STAT3 in human dermal fibroblasts, which in turn promotes the

deposition of collage(Chakraborty et al., 2017)

However,it is also important to note that both-@8.and HGF, promote the phosphorylation of
STAT3(Wegenka et al., 1993, Zhang et al., 20@2)s the observed increase in STAT3
phosphorylation could be daeitocrine stimulatio@nd only reflect a secondary impact of EV

stimulation.
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A number of analytes (3) were aldetected withower spot intensitysubject taNMC EV

treated fibroblasts compared to the media only treated fibroblasts (0.5, atdsssbed in

detail in table 5.3)Surprisingly, these targets included several potential positive regulators of
CAF activation and hence the decreased phosphorylatisonoé of thesanalytessuggest

this is not a general global fibroblast activation, but a specific response which reflects a
balance of activated and regulated pathw@fspecific interest here, is the decreased

p hos phor yCatnin. Increasedfphobphorylation targets the prédeidegradation
whereit camotinduce the expression of its target genes. On the other hand, unphosphorylated
b-Catenin remains as a stable pool in the cytédetently, lowb-Cateninexpressg

fibroblasts vereassociated with amflammatoryCAF phenotype in colorectal cand®éfosa

et al., 2020)Hence, an increased cytosolic poobetatenin, as suggested by the decreased
phosphorylatiopappears to contradict the observations described in this chapter that NMC
cCM72h and NMC EVs modulate the secretome of fibroblasts. However, Mosa et al.
investigated CAM-Catenin expression in the context of colorectal cancer, and thus their
findings may represent a distinct impact on stromal cells specific to this cancéiyse et

al., 2020) Furthermorethe phosphokinase assay performed here only provides indications of
activated pathways and a subsequent confirmation with orthogonal methods is required to

draw firm conclusions.

Taken together, stimulation of fibroblasts with NMC EVs induced the phosphorylation of
several analytes that are associated with differentiated fibroblasts, that exjprsssrat
ECM and chemokines. Nevertheless, several targets exhibited reductions in phosphorylated

targets implying selectivity in the response.
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Figure 5.9: PC3 EVs alter target phosphorylation in recipient fibroblasts.
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Starved fibroblasts were either treated with mexily or 200pug/ml NMC EVs. The

fibroblasts were lysed, and the lysate analysed with a proteome profiler phosphokinase array.
Membranes were scannedm@asure spot intensity as a relative measure of analyte
phosphorylation (A). The gan intensity of the detected spots on the membrane treated with
the lysate from the NMC EV treated fibroblasts was determined and compared to the mean
intensity of the detected spots on the membrane treated with the lysateéaiaonly

treated fibroblasts (B)'he dottedine indicates a relativ@.5 andl.5-fold spot intensity

comparing NMC EV treatment to the media only treatmgrdixis shows the respective

analyte, xaxis shows relative spot intensity.
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Table 5.3: Most prominent alterations in the phosphorylation pattern in fibroblasts upon EV stimulation.

The nmean intensity of the detected spots on the membrane treated with the lysate from the NMC EV treated fibroblasts wag determine

compared to the mean intensity of the detected spots on the membrane treated with the lysate frontyrivediad fibroblastdViean intensities

>1.5 and0.5 are summarised in the table. The reported function of the analyte, and the potential functional consequencesdobdiecreased

phosphorylation in the fibroblasts are also notedndicates positive resugtttivation,- indicates negative resulssippression

-Target gene is H6

-Regulates pranflammatory response
-Regulates the deposition of collagen
-Promotes ECM disposition in a mous
model of colitis (not yet confirmed in
cancer model)

-Is activated in amflammatory CAF

phenotype

al., 2017, Biffi et al., 2019)
(Li et al., 2015a)(Yang et al.,
2016)

(Allam et al., 2021)

Analyte Proposed function in fibroblastsand | References Phosphorylation | Possible functional consequence here
other potentially relevant increased (+) or | Chemokine| US MA | ECM
information decreased ) release expression| components
compared to deposition
media only
STAT3 -Is phosphorylated biL-6, HGF and | (Wegenka et al., 1998¥hang + +
S727 TGFb 1 et al., 2002)Chakraborty et
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Akt 1/2/3

-IL-6 induces Akt phosphorylation in

(Abdalla et al., 2013)

T308 skin fibroblasts (NishikarYan Shen et al.,
-HGF induces Akt phosphorylation | 2017)(Huang et al., 2012,
-Increaset h e e x p r-BMAsin ( ReyesGordillo et al., 2011)
fibroblasts
RSK1/2 -Regulates ell motility and (Cronin et al., 2021(Sun et +
S221/S22f | proliferation in PCa cells al., 2023a)
S380/S386/ | -Anti-apoptoticfunction (Chen et al., 2017b)
S377 -During hypoxig RSK1upregulates
metalloproteinase 17 in lung fibroblas
PRAS40 -TGFb i n ghospleosylation of (Dey et al., 2012, Lv et al., p)
PRASA40 in kidney cells 2017Db)
-Protection from apoptosis
c-Jun S63 | -Phosphorylates INK/SAP (Wisdom et al., 1999) p)
-Anti-apoptotic function
p53 S46 -Regulates apoptosis (tested in differ( (Smeenk et al., 2011, Feng € +? via
cell lines) al., 2006, Bohuslav et al.,
-Activates RSK1 2004) RSK1)
STAT2 -Re g ul aiSMA negative FAP (Pan et al., 2023)
Y689 positive CAFs
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PDGF
Y751

R

-Myofibroblast activation in renal
fibrosis

-Co-expressed witli:SMA in CAFs
from PCa (CAFS1 phenotype,
PDGFRU, CREB3L1
positive (CAFS 2 )-SMA[HOXB2
and MAFB positive (CAFS3)

a

(Chen et al., 2011, Chen et g
2021a)

p-Catenin

-L o w-Cdbenin expression in
fibroblasts was associated with an

immunomodulatory CAF phenotype

(Mosa et al., 2020)
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The cellvariantsgenerated for this work CD9KD, CD81KD, CHMP4CKD, SYGNR2KD all

have attenuated expression of the respective target, but we expect also to have impacted a
number of other constituents of the vesicles
vesiclebiogenesis/molecular loading. As a consequence, an overlap in the functional

properties of EVs from these cell variants with NMC EVs is expected, in terms of the
phospheprotein alterations. Indeed, stimulating fibroblasts with these EVs from the KD cells
showed a similar impact on the phosphorylatiotaadetsin fibroblasts compared to the

NMC EVs (Figure 5.10).

Inspecting the subtle changes in the phosphorylation patterns, ctesathat many of the top

hits for NMC EV stimulation (1.5 spot intensity compared to media only treated) appeared to
be less phosphorylated upon stimulation litKD EVs (table 5.4)In addition many of the

top hits thashowed reduceghosphorylated upoRMC EV treatment appeared b@ more
phosphorylated upon KD EV treatment. The magnitude of the impact depended on the source
of the EVs with CHMP4CKD and SYNGR2KD showing the biggest impact (compared to the
NMC EV stimulation, 9 analytes detected witHeatst 1.5 higher spot intensity, Figure 5.10F
and H)) and CD9KD EV the smallest (compared to the NMC EV stimulation, 2 analytes
detected with at least 1.5 higher spot intengtigure 5.10A and B) Strikingly, increased
phosphorylatiorof 3 targetgb-catenin P D G F amIBSTAT2)was consistently found across

all KD EV treatment conditions pointing tmnsistenthanges across all KD conditions (table
5.4).This suggests at least a partial functional overlap of the KD EVs and consequently

indicates that th target attenuations had a partial common impact on the PC3 cells.

Of specific interest is the phosphorylation of STAT2, which has been recently proposed to

r e g ul aSMaA negative BAF population in PGRan et al., 2023)his is in line with the
observation that the KD PC3CM showed reduced potéarapdudng the polymerisation of

US MA. However, the potenti al r-SMA eegative CEFV's i n
subtype is currently not known and highlights the importance for further investigations to
unravel the f un c-SMPenegativefitgablgsts upon B/ atimalationo f U
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Figure 5.10: PC3 EVs alter target phosphorylation in recipient fibroblasts.
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Starved fibroblasts were either treated with media, 200 ug/ml BEM§; CD9KD EVs,

CD81KD EVs, CHMP4CKD EVs or SYNGR2KD EVs. The fibroblasts were lysed, and the
lysate analysed with a proteome profiler phosphokinase array. Membranes were scanned to
detect the phosphorylation of the analytes in fibroblasts treated witKBEYs (A),

CD81KD EVs (C), CHMP4CKD EVs (E), SYNGR2KD EVs (G). The mean intensity of the
spots was measured and compared to fibroblasts treateDMM{ThEVs. CDO9KD/NMC (A

andB), CD81KD/NMC(C andD), CHMP4CKD/NMC(E andF), SYNGR2KD/NMC(G and

H). The dottedine indicates a relativ@.5 orl.5fold spot intensity comparine respective

KD EV treatment to th&IMC EV treatmenty -axis shows the respective analytegxis

shows relative spot intensity.
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Table 5.4: Top NMC EV hits compared to KD EV stimulation.

The nmean intensity of the detected spots on the membrane treated with the lysate from the NMC EV treated fibroblasts wag determine
compared to the mean intensity of the detected spots on the membrane treatee MIDHEV treated fibroblastsThe results arsummarised in the
table. Arrows down indicate decreased detection, with blue arrow representing the most prominent impact; arrows upciregisatedetection

with red arrows indicating the most prominent impact.

Hits with increased phosphorylation in NMC EV stimulated fibroblasts Hits with decreased phosphorylation in NMC
EV stimulated fibroblasts
KD EV Akt P53 | PRAS40 | RSK 1/2/3 STAT3 | STAT3| ¢ HSP60 | STAT2 | b- PDGF | SRC | JNK 1/2/3
stimulation | 1/2/3 | S46 S380/S386/ | S727 Y705 | Jun Y689 |catenin| RD Y419 | T183/Y185
T308 S377 S63 Y751 T221/Y223
CD9KD — — — —_ — 1 — — —
e Vot
CD81KD — —_ —_ 1 — 1 —
e ottt
CHMPACKD 1 1 1 1 — 1 —
e oottt
SYNGRXD | — — —_ — — — —
= Pttt
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CD81KD EVs, CMP4CKDEVsand SYNGR2KD EVs all induced a stronger

phosphorylation of several common targets compared to the NMC EVs. These included

analytes associated with inducibgSMA (WNK1 760, GSk3 U/ b S21/ S 9, STAT?2
ECM remodelling (SRC Y419, JNK 1/2/3 T183/Y185 and potentially CREB S133) imimune

mo d u | a-tatemmand(pbtentially CREB S133) in fibroblasts. All of these analytes are
associated with an activated fibroblast. laisonoteworthy, that GSK3 phosph-or yl at e
catenin. Hence, it is no surprise to find sltaneously increased phosphorylation of both

targets compared to the NMC EV stimulatibtowever, it is critical to note that the

magnitude of the impacand downstream consequences in terms of a cellular irapact

unclear. Nevertheless, these results give interesting hints for further explorations to determine

the impact of KD EVs on fibroblasts.

Importantly, there were also KD specific differences in the phosphorylation of analytes. This
suggests that the cell manipulation have modified the corresponding EVs in distinct ways as
opposed to a general global perturbation of EVs and this was linleedriigue and specific

response of the recipient fibroblasts.

Treating fibroblast with CD9KD EVs elicited a distinct response compared to NMC EVs
(reduced polymerisation &#SMA in stress fibres, reduced secretion oBILHGF), hence a
reduced activation of pathways in the fibroblasts was expected. Here, stimulating fibroblasts
with NMC EVs and CD9KD EVs induced a similar phosphorylation pattern. Surprisingly,
compared to ta NMC EVs, only 3 analytes (STAT3, HSP60 and PRAS40) appeared slightly
|l ess phosphor yl eatenid and STAT2Pmoie phadphotge (4.5 Higher

spot intensity compared to NMC EV treatment) (Figure 5.10A and B). This indicates that
relatively small changes in the phosphorylation patterns cause dramatic differences in the
cellular phenotype (chemokine releaS&SMA polymerisation) and importantly, that CD9

dependant EVs make an important contribution.

CD81KD EVs appeared to induce the phosphorylation of targets involved in chemokine
release (Figure 5.10C and D). FGR Y412 and Lck Y394 wetected with greater spot

intensity on the membranes (1.5 or higher spot intensity compared to NMC EV stimulation) in
CD81KD EYV treated fibroblast&gr Y412 promotes the ECM and chemokine release in lung
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fibroblasts,(Mukherjee et al., 2023nd cell migratio{Continolo et al., 2005).ck Y394

regulates the release of the chemokine CXCI 12¢ells and NK | cellgInngjerdingen et

al., 2002) All of this points to increased activation of the fibroblasts, which was not observed
in the limited experiments performed here to assess the fibroblast secretome and thus might
require a broader approach to establish the impact of CD&IKD/-mediated fibroblast

activation.

Stimulating fibroblasts with CHMP4CKD EVs promoted the phosphorylation of the targets
described beforadgble 5.4 in additiontwo furthertargets were found to be specifically more
phosphorylated upon CHMP4CKD EV treatment: HSP27 S78/S82 and STAT6 Y641, both of
which have been implicated in regulating fibroblast phenotypes. HSP27 S78/S82 is regulates
the antiinflammatory respons&ou et al., 2023and lung fibrosigKim et al., 2019) The
transcription factor STAT6 Y641 is involved in myofibroblast differentiation and ECM
deposition myeloid fibroblasts {diao et al., 2021and is expressed in bone marrow
fibroblasts(Yan et al., 2015)

The last treatment condition was EVs from the SYNGR2KD cell line (Figure 5.10G and H).
A mix of regulators for chemokines (Fgr Y412) and ECM deposition (STAT1 Y701) were
detected with a higher spot intensity compared to the NMC EV treatment. Of speeifesin
here is the p70 S6 phosphorylation which promotes Akt mediated ECM dep{Sitioret al.,
2015)and downregulates b secretion in osteoblagffakai et al., 2008Wwhich could point

to reduced IE6 secretion described earlier.

These results point to an overall trend in the KD EV induced phosphorylation pattern in
recipient fibroblastswhich suggests that these EVs had a diminished functionality in regard
to both suppression of the phosphorylation of certain targets and triggering the
phosphorylation of others. Importantly, there were atsoe differences, supporting the

notion that these altered EVs are not functionally identical.
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5.3 Summary

|l n summary, PC3 CM st i m8NMAarnseess fibreslandthisisa st s
accompanied by an increase in the secretion of HGF aBdfigures 5.3, 5.6 and 5.7)he

effect appeared to be more pronounced in fibroblasts treated with NM cCM72h, indicating
guantitative and/or qualitative differences in the factors later released by PC3 cells.
Remarkably, isolated NMC EVs alone were sufficient to stimulate a significargase in the
secretion of IL6 and HGF in fibroblasts (Figur&st and 5.). Importantly, all of the KD cell
derived EVs (CD9KD, CD81KD, CHMP4CKD, SYGNR2KD) showed a reduced potency to
promote 1-:6 and HGF secretion in fibroblasts. Furtnere NMC EV stimulated
phosphorylation of a set of targets, &id EVsin comparison stimulated differential

signalling pathways (Figure ®1table 5.4 Thus,these findingslemonstratehiat the target
attenuation in the PC3 cells induced distinct EV modifications and importantly, the functional
response of stromal cells upon stimulation wzecgic and uniquelepending on the EV

source.
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5.4 Discussion

In this chapter, | describe the functional relevance of PCa cell line derived CD9, CD81,
CHMP4C and SYNGR2 dependant vessldspopulations in modulating the phenotype and
secretome of fibroblastsithin the tumour stroma.

Full cell CM was analysed initiallyas it mimicked aspects of tivevivo setting inwhich cells
release EVs together with other soluble molecules and they likely work in concert to exert
their overall combined functional influences. Furthermore, it has been previously shown that
endogenou&V regulators not onlgontrolthe release of EVs but aldoe release adther

soluble secreted factors, which may share the machinery for exocytosis. For instance, KD of
Rab27a also impacts the secretion of M@Bobrie et al., 2012bgnd the preangiogenic
cytokines PDGFAA and osteopontiriPeinado et al., 20127 his raises the question whether

it is possible to specifically attenuate the expression afEthout impacting the non

vesicular secreted factors. However, compounding these considerations is the realisation that
the biomolecular corona of EV can accommodate numerous factors that are classically
considered as soluble entitiegd hence clearlydfining a factor as ENassociated from not

EV-associated is not always straightforward.

To explore the contribution of EVs in the CM, isolated EVs generated from

ultracentrifugation pellets, and CM depleted of EV (the supernatant) was used. In the previous
chapter, | described that the KDs did not impact the quantity of the released vekaoles.

for the work described in this chapter the GiMd as a consequence tmmcentratedeVs,

wasnormalised to the input PGl numbers.

Interestingly, the fibroblast response depended on the PC3 conditioning time. cCM72h
stimulated a strongd:SMA polymerisation into stress fibres, whereas cCM48h induced a

more prominent downregulation of the corresponding transcript. These results suggest that the
factors releasedt thelatertime pointsby PC3 cells have unique functional properties and

thus challenge the assumption of a mere accumulation of factors released by the cells. This
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also underscores the complexity of the RigBvedfactors whichmediate responsef
fibroblasts andhe dynamics of these.

There is growing evidender various EVassociatedactorsbeinginvolved in the activation

of fibroblasts Such examples include variopoteins, coding RNAs, necoding of

transposable RNAs (reviewed Naito et al., 2022)EV derived TGFb 1 has been wel |
described by our lag@Chowdhury et al., 2015, Webber et al., 2010, Webber et al., 2015)

thereafter other@Huang et al., 2021, Ringuette Goulet et al., 2@d8)duce the expression

of USMA in recipient fibroblastsSTGFb 1 posi ti ve EWVWs1 alct$SMAD3E t he
signalling pat hBMAposiivednyaiibroblasbphemotygedebbdr et al.,

2015, Webber et al., 201@etaglycan, at the vesicle surface was critical for tethering and the
handoverof TGFb, t o dr i ve t h (Webberietgln 20L0)ncidergallyrtees pon s e
SMAD-independent pathway is also activated by-gfivhulus in these cell#\ recent study in

head and neck cancer claimed that vesicular-bGF i nduces tEA f or mati on
independent of SMAD phosphorylation as judged by Western blotting and insteaes the

expression of:SMA positive stress fibregia the increased expressionfifronectin(Huang

et al., 2021)This highlights the complexity of an EV driven cellular response in fibroblasts

which perhaps depends on both the source of the EVs and the origin of the CAFs, and the

broader microenvironmental context.

Phosphokinase assays with EV stimulated fibroblasts were conducted to gain insights into the
EV-induced phosphorylation profile of the fibroblasts (Figure 5.9 and 5.10). Overall, the
results suggested a trend that factors that were more phosphorylatd€ig W stimulated
fibroblasts were less phosphorylated upon KD EV treatment. The inverse was also apparent
with analytes that were less phosphorylated with NMC EV stimulation, showed an increased
phosphorylation upon KD EV stimulation. This suggested that@ KD EVs exhibited a

reduced functionality and were less potent in altering phosphorylation of certain targets.
Importantly, the PC&ell manipulations we have generated, have modified the corresponding
EVs in distinct ways as opposed to a general global perturbation of EVs and this was linked to
a unique and specific response of the recipient fibroblasts, denteddtsadistinctive
phosphorylation profiles. If we assume that thed®ging in these experiments was correct,

and every effort was made to satisfy this aspect, thel&iived EV must therefore be
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phenotypically different from each other, and these differences are functionally relevant in
terms of fibroblast signalling responses.

Ani nt er est i ng -tatemndphaspporyanos wisaerantfibrdblasts treated
with NMC EVs compared t o -oatewinisaninpoitant t r eat ed
component of the Wnt signalling pathway and the unphosphorylated form induces the
transcription of its target genes. Active Wnt molecules have leggmted to be transported

by EVs and activate the Wnt signalling casc@@emoss et al., 2012)nterestingly, across the
fibrobl asts t r eaeniepghosphorylaton Wasoreadadilydetdrted. This
might indicate that the KD EVs haveeduced amount of active Wnt cargo. However, this
clearly needs validation by exploring for instance the proteome of the PC3 KD cell variants.
Alternatively, assessment of the vesicular transcriptome could also provide fosigéts as
Wwnt signalling has been reported to be regulated by miRiNAst al., 2017a, Lu et al.,

2017) Furthermorein the phosphokinase array a strong signal for STAT3 phosphorylation
was detected in fibroblasssimulatel with NMC EVscompared to medianly treated

fibroblasts This istypically indicative of an inflammatory CAF type (reviewedAllam et

al., 2021)and is in line with the observed increased release-6fdhdHGF release by
fibroblasts treated with NMEVs. Interestingly, various mechanisms of EV induced B3 A
activation,and their functional relevant¢®ve recently been described. Zhang et al showed in
acolorectal cancer cell line that EVs carry phosphorylated STAT3 that confers
chemotherapeutic resistan@hang et al., 2019ap different research group found that
vesicular miR193a3p, miR210-3p and miR5100 activated STAT3 in lung cancer cells
(Zhang et al., 2019bBTAT3 was less phosphorylated in the fibroblasts stimulated with KD

EVs, which is in line with the decreased release eb land HGF in these fibroblasts.

Here, NMC cCM induced a heterogen@us p r e s sSMA positive strdds fibres in
fibroblast which was less prominent in KD cCM treated fibroblasts. The phosphorylation
assay pointed to several pathways that might be involved in this observation.

In NMC EV treated fibroblasts increased phosphorylatioAktil was detected. This is
important because Aktl has been reported to increase the expredsiBMafin fibroblasts
(Abdalla et al., 2013, Kulkarni et al., 2011, Rey&ardillo et al., 2011)In addition to this,
STAT2, which has been identified in a RM&q study as a potential regulator ol BBMA
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negative FAP positive CAF population in PQ&n et al., 2023was found to be suppressed
by NMC EV stimulation. This suggest PC3 EV mediated activation of signalling pathways in

recipient fibroblasts that might be reflected in the phenotype.

There were also some discoveries that appeared to contradict the previous phendtyping (
SMA polymerisation in stress fibres, HGF and@dlsecretion). For instance, PDGFR

showed greater phosphorylationthe KD EV treated fibroblasts compared to the NMC EV
stimulation. The activation of this receptor has been linked to piomot U-SMA

expression in mesenchymal stromal céBall et al., 2014)Hence, a more pronounces

SMA expression would have been expected upon KD treatment conditions. It is important to
acknowledge in that regard the phosphokinase array is a snapshot of the phosphorylation of
several targets. Howevarpnfirmation thathe full activation of a specifipathway translates

into a cellular response would require the assessment of additional downstream targets in the
same pathwayas well as potential assessmahantagonistic signalling pathwayand a

betterappreciation of the kinetics and stabilities of the responses

Another important consideration in the interpretation of these results, is the emergence of
multiple CAFsubpopulatios, upon stimulationwhen conducting bulk functional fibroblasts
experiments, as this might cause apparently opposing rdsuits shown that TGB 1

induces the matrix producing t r o ESHA positide myofibroblast phenotype and
simultaneously induces the reduction of@lrelease. In contrast to the ECM modulating CAF
phenotype, an immunomodulatory fibroblast phenotype shows increasedion of 16

which is activated by the JAK/STAT pathwaypancreatic ductal adenocarcino(iiffi et

al., 2019) This indicates that H6 s e ¢ r e {SMApysitieerfilaroblasts likely represent at
least two distinct fibroblast phenotypes. Moreover, in CAFs from PCa, atheasCAF
phenotypes have been recently proppseded on the differential expressiorBMA in
combination with other genes: CAFL(USMA and PDGHGA-SPPBGERUY e
CREB3L1 and PLAGL1 positijeand CAFS3 (JSMA, HOXB2 and MAFB positivie(Chen

et al., 2021ashowing the heterogeneity of CAFs within one tissifbile wedid not attempt

to delineate subypes in this study anidcusedonthe population as a whole and their
response to the varied stimuhis provides an interesting opportunity to assess possible

differences ireV induced CAF subpopulationsr differences in how subpopulations respond
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to EVs This could be experimentally explored in more depth by tracking the uptake of PC3
EVs and subsequently phenotyping the fibroblast subpopulations for instance by using
various combinations dSMA and othemarkers and single cell sorting and sequencing
technologies

To summarise, | have described that CD9KD, CD81KD, CHMP4CKD and SYGNR2KD
derived EVs appear to have a reduced potency to modulasedtetion of IL6 and HGHn
recipient fibroblasts. Importantly, the observed impact was unique and specific for each KD
EV population. This strongly suggests that the cell manipulations did not induce a global
perturbation of the EVs, but rather a candidate specific impact dMloargo and/or distinct
EV subpopulationswhich were functionally relevant changes in termtheffibroblast

response
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Chapter 6:

Understanding the impact of candidate attenuation by
analysis of cellular and vesicular RNA
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6.1 Introduction

The transcriptome of PCa cells undergoes dynamic changes with the progression of the
diseasdBolis et al., 2021and in response to treatméBhah et al., 2020, Rajan et al., 2014)

For instance, a study including 1,000 clinical PCa tissues from 13 different studies and
covering all disease stages from the early onset to the metastatic stage revealed disease stage
specific gene expression patterns and in particular genes regulatorgatin remodelling are
upregulated at later stages of the dis¢Bsdis et al., 2021)

Various PCa cell line models have been developed to capture the clinical intra and inter
patient transcriptomic heterogeneity of PCa tumours. A recent transcriptomic analysis of 20
commonly used PCa cell lines showed that the cell lines exhibit transfpes that cluster

as androgen negative and androgen positive subgroups and can be further categorised by
changes in response to Enzalutamide, an antagonist of the androgen receptor (AR), and
Mifepristone, an antagonist to progesterone recef®rsth et al., 2020)The study validated
that the PC3 cell line has a low mRNA expressiothefAR and the protein is not detectable

by WB, andthe cell lineis resistant to Enzalutamide, while mainiagpsensitivity to
Mifepristone. Such profiles provide useful information that correspond to behavioural and
other cellular properties and aid in embedding studies of cell populations in the broader

context of PCa.

6.1.1 RNA encapsulated in EVs

Cells expel a repertoire of RNgpecieencapsulated in EVs. This possibly serves critical
functions that regulate intracellular RNA homeostasis by exporting RNA as a disposal
mechanism and/or as a means of intercellular communication by transporting RNA from an
EV releasing cell to a recipientll (reviewed inO'Brien et al., 2020)RNAsresiding in EVs

are manufactured by the parent cell, hence one might expect the overall transcriptome of EV
to mirror that of the cell. However, this is not entirely true and the parent cell and the
corresponding EVs amlistinct in their composition of RNA speci@é@ong et al., 2021,

Hessvik et al., 2012, Santangelo et al., 20T6g studies also showed that raoding RNA

is enriched in EVs relative to the parent cell, and classically it is generally accepted that
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ribosomal RNA (rRNA) which is highly abundant in the cells is excluded from endosomally

derived vesicle inclusion.

6.1.1.1 Vesicular Messenger RNA(MRNA)

The functionaimportance of mMRNA encapsulated in EVs is controversial. Early studies
suggested that functional MRNA encapsulated in EVs is translated into pnotesngpient
cells(Vvaladi et al., 2007, Skog et al., 2008) a recent paper Hung et al demonstrated that
MRNA encapsulated in genetically modified EVs that contain vesicular stomatitis virus
glycoprotein for increased RNA loading, were successfully taken up by recipient PCa cells.
The engineered EVs, howeveiléa to escape the endosome, a necessary step for the mRNA
to reach the cytosol where it can be transl@tethg and Leonard, 2018n contrast to this

De la Cuesta et atlemonstrated that functional mRNAimgleedtransferred from smooth

muscle cells to endothelial cellga vesicle transmissionsing a Crdocus of crossingver,

P1 CreloxP) reporting systerfde la Cuesta et al., 201%urthermore, a different study
showed in a murine model, that cre mMRNA encapsulated in EVs mediated the deletion of the
genetic sequence between the loxP sites in recipient tumou(Zmiter et al., 2015)These
results highlight our lack in understanding of the mechanisms in the recipient cells for
handling acquired RNA&ontaining EVs and raises questions about the physiological

relevanceand rules which govewnesicularRNA-transmission.

6.1.1.2 Non-coding vesicular RNA

There are several classes of RNAs with a regulatory function that do not encode a protein,
termed norcoding RNAs, that have been extensively documented in EVs. Examples of this
are miRNA and long noncoding RNA (IncRNA) both of which have been found talmate

to various diseases.

mMiRNAs are single stranded RNA molecules that modulatetparsscriptional gene
expression. In breast cancer, various miRNAs have been described to be transported to
adjacent tumour cells and other cells within tumour microenvironment. For instanc8, miR

which can alter the expression of motility genes in recipient fibrob|Bst®ni et al., 2016)
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IncRNAs are longer than 200 bp and have multiple functions in regulating RNA activity, for
instance by inducing conformational changes in chromatin, gene activation and gene
suppressioifreviewed inStatello et al., 2021)ncRNA is encapsulated in EVs and released

into the extracellular space by the parent cell. Consequently, vesicular IncRNA can be found
in various body fluids, for instance in urinary samples from PCa pa(ieimeida et al.,

2022) Vesicular IncRNAs have also been reported to induce transcriptional changes in
recipient cells, such as INncRNA NEAT1 that drives changes in the expressionfitirptic

genes in recipient fibroblasts in cardiac tiss{ienneweg et al., 2019Another example is
vesicular INcRNA AL139294.1 which mediatesaggressive cell phenotyje lung cancer
cells(Ma et al., 2024)Transmission of such IncRNA by vesicles may contribute towards

disease processes.

6.1.1.3 Diagnostic usageof vesicular RNA

There is also an increasing interest in utilising EV RNA samples from patient derived

biofluids to serve as biomarkers for diagnosing and monitoring diseases. For instance, our lab
found that the mRNA encapsulated in EVs from PCa stromal cells haveratdssginature
compared to those from normal stromal cells and sitkefcapsulated mMRNAs were found

to correlate with histological assessment during diagri8sisphard et al., 2021)

Various vesicular miRNAs have been proposed as biomarkers for PCa to distinguish between
disease status. As an example, miR8BI/& from EVs has been found in patient derived

samples from uriné~oj et al., 2017and bloodHuang et al., 2015, Bryant et al., 2012)

Furthermore, in 2020, the FDA approved the ExBDprostate (IntelliScore) (EPI) test which

is utilised to stratify patients with suspected high grade PCa for further biopsy based on a
panel ofthreegenes detected in urinary EV samg[€atrone et al., 2020, Tutrone et al.,

2023, McKiernan et al., 2020yhese examples highlight thélity of measuringvarious
vesicular RNA species and the potential for further exploitations for clinical usage. To
achieve this, a better understanding of the mechanisms regulating RNA loading into EVs is

urgently needed.
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6.1.1.4 Loading of RNA into EVs

The underlying mechanisms contributing to the sorting of specific RNAs into EVs are still
unclear. RNA enrichment in EVs could be a result of passive loading as a consequence of
mere proximity of RNA to the place of EV biogenesis. It has also been projhatede

affinity of selective RNA species to lipids causes an enrichment of these specieEabhty/

thus increased loading in EV3anas et al., 2015)

EVs compared to their parent cell carry a distinct composition of RNA molecules. This points
to a selective and regulated active loading of RNA into nascent EVs. Indeed, there is
mounting evidence that incorporation of RNA species is an active processtgnarely by
random occurrence. Various RNA binding proteins (RBPs) have been described to regulate
RNA loading in EVsFor instance, localisation of the RBP argonaut RISC catalytic
component 2 (AGO2) to endosomes increases AGO2 dependent microRNA &itapsu

into EVs in colon cancer cel{#cKenzie et al., 2016)urthermore, factors associated with

the heterogenous nuclear ribonucleoprotein (hnRNP) family have been suggested to drive
MiRNA enrichment into nascent EVs as reported for hnRNPA2B which binds to the GAGG
sequence motif found in a subset of mMiIRNAs @med in EVYVillarroya-Beltri et al., 2013)
Another example of a RBP is synaptogamin binding cytoplasmic RNA interacting protein
(SYNCRIP), which has been described to regulate the loading of microRNAs with a GGCU
sequence (hEXO maotif) into small ESantangelo et al., 2018gain, several mechanisms

are identified therefore, but do not fully explain the complexity of vesicular-Rid4ing,

and relating these strictly to specific classes of EVs and vesicle biogenesis prozesses

a challenge.

6.1.2 RNA-sequencing techniques for transcriptome analysis

To gain insights into the composition of the transcriptdm& throughputanalysis
techniques such as qPCR can be usdebn addressing questions arokndwn RNAs of
interest In contrast RNAsequencing is a high throughput technique to assess the presence
and quantity of RNA in biological samples derived from,alifferent treatment conditions or
various disease status. To achieve this, next geneisgmurencing (NGS) platforms are
utilised to define the transetirepertoires in depth
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Distinct RNA-seq protocols involve several common steps, however the specific protocol
used depergbn the research question and source matésaa first step, RNA is isolated

from the investigated sample and subsequently rRNA is removed. This step is critical for the
processing of the samples because up to 90% of the cellular transcriptome comprises rRNA
(Wilhelm and Landry, 2009Hence, analysing all cellular rRNA in addition to other

transcripts would involve an extensive tho@nsuming sequencing process and might

interfere with revealing the diversity of other transcripts. Removal of rRNA can be achieved
by rRNA depletion or pgladenylated (pohA) mRNA tail enrichment. The remaining RNA

is fragmented to allow simultaneously sequencing in the following gtepewed inEaves et

al., 2020) In the next steps RNA is reverse transcribed to cDNA and adapters added for the
sequencing. To be mopeecise, random primers are added to the RNA template and the RNA
is subsequently reverse transcribed into cDNAother round of amplification is started by

the addition of DNA polymerase and nucleotides to generate the second strand of the DNA.
Information about strand direction can be maintained at this stage by utilising theldiEBxy
(dUTP) method, which uses UTP nucleotides for the synthesis of the second cDNA strand
(Parkhomchuk et al., 2009)he dUTP is incorporated in the second cDNA is later digested
by enzymesThe last step of the library preparation includes the ligation of oligonucleotide
adapters to the cDNA. Adapters can serve as a barcode in multiplexed experiments to allow
sample identification. Furthermore, adapters have a primer binding site for aatilifiand

a capture sequence to allow binding of the cDNA to the flow cell for the subsequent

sequencing stefMohideen et al., 2020)

Specific steps of the sequencing depend on the sequencing platform. As an example, the

NovaSeq 600 platform from lllumina includes the following steps:

The cDNA library is loaded onto a flow cell which is covered with DNA, allowing the
binding of the cDNA via the adapter to the complementary sequence on the flow cell. The
cDNA sequences are then amplified by bridge amplification generating clusterstifatie
sequences and thus aiding amplification of the signal during the sequéBeiritgy et al.,
2008) Next, each nucleotide is read by a method termed sequencing by sy(Beetisy et
al., 2008)which is continuously optimisg@Rodriguez and Krishnan, 2023)uring this
processpnefluorescently labelled oligonucleotide is incorporated into growing strands in
each sequencing cydEuller et al., 2009)After each sequencing cycle is finished the
incorporated base is recordddhe obtained reads are aligned to an annotated reference
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genomgModi et al., 2021and the results saved in FASTQ files for subsequent bioinformatic

processing.

6.1.2.1 Bioinformatic analysis of RNA-seq data

Normalisation is a critical step in the data analysis to account for unwanted technical and
artificial variations and different methods haven béeweloped for this purpose.

Variations in the sequencing depth can lead to inter sample varidtmasdress this issue,
samples can be normalised by dividing the individual genes in a sample by the number of
total genes. The data can then be transformed to counts per million (CPM) for further
analysisHowever, few highly expressed genes can introduce a bias in the normalisation
because the total counts are significantly influenced by these genes and consequently other
genes appear as lowly expressed. In addition to this, CPNtidated without considering

the gene length, hence this method could potential introduce bias by over or underestimating
(Eaves et al., 2020)

DESeq is an R package developed to identify differentially expressed genes. The algorithm
is used to normalise the raw counts gedormgene ranking based on a negative binomial
distribution(Love et al., 2014)Variance stabilising transformation is applied to render the
normalised counts variance independent of the mean. The algorithm provides an option to
visualise the data, for instance plotting the results of a Principal Component Analysis (PCA)

to assessariations between samples.

Changes in gene expression at an individual level might not reach statistical significance but
may nevertheless exert a biologilyatelevant alteratiomat the pathway levethen in concert

with other changes in the transcriptome. To scope this from-Bd¢Adata, pathway analysis

is performed, which uses a priori knowledge of gene sets involved in a common pathway and
consequently also reduces the complexity of the REé déa set. Commonly used analyses

to explore the transcriptomprofilesof investigated samples include Over Representation
Analysis (ORA), Gene Set Enrichment Analysis (GSEA) and Gene SettigaAnalysis

(GSVA).
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ORAappliesa Fi sher 6s hypergeometric test(DEG) comp:
list to a predefined reference gene list and identify significant overtlays revealing

changes in pathway activiffavazoie et al., 1999T he input gene list for ORA comprises

significant DEGs, however the additional (layer of) information coming from their associated
P-values and/or fold changes is discarded for use of this md#aode this results in

limitationsin the interpretability of the results. For instance, the gene input list might exclude
important differently expressed genes and consequently subtle changes in pathways might not

be detected. On the other hand, the gene list might include genes thait rilevant and

hence mtroduce false positive results. The analysis of a large number of gemesebiss

multiple hypothesidesting whichalso bares the risk aficreasingalse positiveresults and

requires statistical correction.

An important advance in the analysis of large RNA data sets was the GSEA method proposed
by Subramanian (Subramanian et al., 2005) which is applied to determine whether the genes
of a predefined gene set of interest (list A, ,eagignalling pathway) overlap at the bottom or

top of a gene list ranked by statistical significance or fold change estimates arising from
differential expression analysis (list B). Importantly, in contrast to ORA, this analysis does

not apply artificialcut off values for the genlist and includes all detected genes. A random

walk, a statistical method which assesses whether each gene from list B is present on the gene
set of interest (list A)is applied and an enrichment score is determined, which reflects the

enrichment of genes on list A at the top or bottom of ligEBoramanian et al., 2005)

Gene set variation analysis (GSVA) is a gene set enrichment method performed on a per
sample basis (individual replicates), ideally on a dataset of at least 10 samples. The input data
is the gene expression matrix of the investigated samples, whichagetfotmed into a

pathway activity matrix of the investigated sampldanzelmann et al., 2013)

In thescope of this thesis, we elected to perform first a GSVA to gain an overview of the
differences between the samples and tenducted a GSEA to focus on the comparison

between the KD cell variants and the NMC.
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6.1.3 Aims and objectives

We aim to gain a holistic understanding of the transcriptomic changes caused by imposing the
KD of the candidates (CD9, CD81, CHMP4C, SYNGR2) in both the parent cell and the
corresponding EVs. This might provide a modality to link candidates with digeqstetoires

of RNAs, and hence be an indication of the existence and regulation of distinct EV
subpopulations secreted by PC3 cdlis.achieve this, we aim to explore the transcriptomic
changes in the KD cells (CD9KD, CD81KD, CHMP4CKD and SYNGR2KD) ard\iNIC

cells and the corresponding EVs by setting the following objectives:

1.) Isolate RNA from the parent cell and the corresponding EVs from all KD cell
variants and the NMC to assess the transcriptomic features of the samples by
RNA-sequencing.

2.) Conduct a comprehensive analysis of the Rd¢4 datasets by analysiDgEGs
and conducting GSVA and GSEA to evaluate the potential impact of candidate
KD on intracellular pathways, including but not limited to EV biogenesis,

transport and release.
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6.2 Results
6.2.1 Isolation of vesicular RNA
6.2.1.1 Vesicular RNA isolation using a phenol based method

First, we aimed to obtain purified vesicular RNA for the assessment of the vesicular
transcriptome by RNAequencing. For this purpose, vesicular RNA from the K cell
(CD9KD, CD81, CHMP4C, SYNGR2KD) and the NDAariantwas extractefom EVs by
utilising a phenol/chloroforabased method, which is a weltablishednd reliablenethod

in our lab(Shephard et al., 20210f note, per biological replicate CM fromT¥5 flasks was
collected, and subsequently EVs were purified and RNA isolated and this was done for each
biological replicate separatelyhe vesicular RNA concentrations were determined using a
QuantitE RiboGreen RNA AssagThermo Fisher Scientificyjgure6.1A). This RNA
guantification kit utilises the properties of the fluorescent dye Ribogvd@nh specifically
binds to RNA.Other colleagues in the lab had compared the performance of this approach
with other solutions such as the Qbit platform, concluding the performance was overall
superior for the limited input material available (data not showmg.total RNA
concentrationper sample was determined and ranged 8am101.5 ngl in a total of12 pl

across the repertoire of ESamplegFigure 6.1A).

An initial quality contro] using theRNA 6000 Pico Kit in a Bioanalyz€Agilent), was
performedio assesthesize distributiorof isolated RNA and tdetectpotentialrRNA present
which is not a usual feature of purified EEgure 6.1BF). The RNA profile from the NN

EV sample showed an enrichment of small RNA with a peak below 360gnire 6.1B) The
presence ofomelarger RNA was also indicated byo smaller peaksyneclose to 200 nt
andasecond peak between 500,000 n{ hence a polydisperse population of RNA was
present in the vesicleBurthermore, the tracesassuringlyfacked major rRNA peaks (8&t
4,700nt and 18 at 1,900 nt). This size distribution profile was similar to previously reported
RNA size distributions fromresicularRNA derived from PC3 celld.azarclbanez et al.,

2017) and consistent with other studies in our laboratory when assesstRINEMfrom other

cellular sources
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A vesicular RNA sample

Concentration
(ng/ul)
NMC replicate 1 15
NMC replicate 2 8.1
NMC replicate 3 8.3
CD9KD replicate 1 76.3
CD9KD replicate 2 101.5
CDYKD replicate 3 84.4
CDS81KD replicate 1 1.5
CDS81KD replicate 2 29.3
CD8I1KD replicate 3 6.1
CHMP4CKD replicate | 9.5
CHMP4CKD replicate 2 14.3
CHMP4CKD replicate 3 14.7
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Figure 6.1: Locally performed vesicular RNA quality control.

EVs were isolated from the CD9KD, CD81KD, CHMP4CKD, SYNGR2KD andQ\iélls.

Vesicular RNA was extractagsing a phenol/chloroforshased method. Total RNA quantities

were determined with @uantitE RiboGreen RNA AssayA). The quality of all isolated

vesicular RNA samples was assessed usiRijA 6000 Pico Kit in a Bioanalyzdor
vesicular RNA derived from NMC cells (B), CD9KD cells (C), CD81KD cells (D),
CHMPA4CKD cells (E) and SYNGR2KD cells (F)
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The size distribution profile across the vesicular RNA samples from the KD cells was similar
to the NMCwith the majority beingf smaller RNAs detected below 200(Rtgure 6.1BF).

In addition,two small peakspneafter 200 nt and a second one between 500 &t ht was
detected suggesting the presence of larger RNA species. Importantly, the traces lacked major
rRNA peaks (28s at,400 nt and 18s at900 nt).As described above biological replicates

were distinct CM collections and subsequent prongssnd thus inadvertently, induced some
variations in the obtained RNA concentrations across the replicates. In addition tteethis,
Bioanalyzer was performed on three chiphichlikely introduced variations in the

magnitude of the detection of RNAowever, importantly, the goalof this analysisvas to

examine the overall RNA size distribution and hetgedifferences in the magnitude of

detection wer@ot a concern here.

Since he RNA traces fronall the vesiculasamples showed a similar size distribution and
lacked major rRNA peakshe samplewere considered of sufficient quality usfor RNA-
sequencingNext, the specimens were shipped to the Netherlands and the quality of the RNA
upon arrival was further assessed by our collaborator Genomescan, in order to qualify for

subsequent RNAeq and ensure they had withstood transportation successfully.

The samples were subject to gel electrophoretic separation with a fragment analyzer (Agilent),
asimilar method to the Bioanalyzer with slightly updated hardware, to confirm RNA size
distribution. In contrast to the Bioanalyzer results, the trimmethe NMC EV RNA obtained

by the fragment analyzer indicated some differences in the size among the replicates (Figure
6.2A-C). Two ofthe three samples showed presence of some ribosomal RNA small indicated
by a major peak betweenbb4 nt1,632 nt and a minorgak between 2,872,986 nt. The
remainder replicate lacked these peaks in the same size range. The reason for the discrepancy
between the Bioanalyzer and Fragment analyser is unclear, as both techniques have a
comparable sensitivity according to thematacturer, however the fragment analyser at the
commercial site is subject tmnsistent use and throughput and is likely to provide greater
confidence in the data arising. The Bioanalyzer tratssindicated a minor peak ~200 nt.

This was confirmed wiit the fragment analyzer for two of three samples (Figui &iC),

indicated by a peak at ~230 nt.
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