Systems analysis of nucleic acids to model outcome and biological

characteristics of neuroblastoma

Charlotte Mary Hauncismith

Submitted in accordance with the requirements for the degree of

Doctor of Philosophy

TheUniversity of Leeds

Leeds Instute of Cancer and Pathology

School of Medicine

September, 2018



The candidate confirmthat the work submitted iher own and that appropriate

credit has been given where reference has been made to the work of others.

This copy has been supplied dretunderstanding that it is copyright material and
that no quotation from the thesis may be published without proper

acknowledgement

The right ofCharlotte Mary Hauncismithto be identified as Author of this work has
been asserted by hein accordance wh the Copyright Designs and Patents Act

1988.

© 2018The University of Leeds aharlotte Mary Haunctsmith



Acknowledgements

First and foremost,itank you to all the children and parents who donated their bone
marrow aspirates for these studies, antetdoctors and nurses at each UK centre

collecting samples.

| gratefully acknowledge the funding received towards my PhD from the Medical

Research Council.

| wouldalsolike to thank my colleagues at the University of Leeds for their help over
the past 4 gars. | am grateful t®dr Adam Davison forppimising the @toFLEX
settingsfor detection of exosomed am also gratefub Mr Martin Fuller for his work

on transmissiorelectron microscopyf exosomesl| would like to thanlor Virginie
Viprey forher work on characterising the primary cells usRgqPCR arMdrs Andrea
Berry for her works using cytospinalso for her guidance and assistance with
primary cell culture miRNA validation repeats were performed bs Samantha
Brownhill and | am grateful for h@ssistance in this and throughout my PhD. | would
like to thankMs Mariona Chicén Bosch for her works on the setfewal assay

statistical analysis.

| would like to extend thanks to all of labpgast and present for their support and
guidance over thepast 4 yearsln particularto Liz for her assistance with the

lentiviral experiments.

| am extremely grateful to Professor Sue Burchill for her guidance, support and
encouragement both in the lab and in the writing of this thesis. | would also like to

thank my cesupervisors Professor David Westheal Professor Walter Gregory

Away from work,] am incredibly thankful tahe wonderful WB1 ladiesand Louis

Bibbyfor the hours of editingadviceand reassurance
To Mike,l could nothave done it without ya.

Finally, thanks to my wonderful familgspecially my mum and my younger sister,

Brianna for their tireless supporéind encouragement



Abstract

Neuroblastoma (NB) cells in the bone marrow (B#)diagnosis are powerful
indicators of poor outcome, theN8 being a frequent reservoifor drug refractory
diseaselmproved outcome for some children will only be realisdten treatments

to eradicate BMdisease have been developed. | have therefore isolated NB cells
from BM aspirates of children with higisk disease and investigated the self
renewal, migratory capacity and clinical significance of this disease. | have optimised
methods for analysis and reporting of miRNA expression profiles using TagMan®
MiRNA arrays to identify miRNAs or miRNA regulated paybwhat are drivers of

BM disease and investigated the potential of mMiRNAs as biomarkers of risk in liquid

biopsies including BM aspirataad blood.

The median infiltation of BM with NB cells was %/(rangé-94%9; a high infiltration

of BM with NB cedl was predictive of a worse EFS (p=0.00H2terogeneous edf-
renewing capacity was observed in both colony and spheroid formation assays
Colony formation predicted EFS (p=0.012igratory cells were identified in all NB
cultures; the migration indexvas highly heterogeneous (median 127+23, n=93,

range 7.5427.5) and did not predict EFS

Hierarchical clustering of NB miRNA profiles revealed that NB cells from BM are
heterogeneous. Pathway analysis revealed enrichmenthef PI3K pathway in
propagated NRells. Treatment of cells with PI3K inhibitors reduced the viable NB
cell number, validating the approach taken. Furthermore iR, reported to
modulate growth via the PI3K pathway, was significantly associated with both self
renewal and survivalCircuating miRNA#& BMand PBpredicted EFS.

In conclusion, NB cells from the BM of children whigh-risk disease are highly
heterogeneous. miRNAs are suitable candidates as circulating biomarkers of risk for
more personalised treatment, although further mstigations are needed to

functionally validate their specific roles and design miRh\&liated therapies
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Chapter 1lintroduction

1.1 Neuroblastoma(NB)

Neuroblastoma (NB) is a rare childhood cancer that accounts$6e8 of childhood
cancer cases and 15% of childhood cancer de@®asket al., 2010) The cancer
arises in differentiated and/or differentiating cells of the embryonic neuronal crest,
developing from the sympathetic nervous systeffihorner, ®14) NB is an
extremely heterogeneous disease, some tumours will regress spontaneously, some
remain localised whilst some continue to grow and spréachootet al., 2013) NB
cells are usually highly malignant, so calledhhigk (HR) although cases of
spontaneous regression and differentiation occur inB0B7% of patient§Leharaet

al., 2012) The median age at diagnosis is 18 monsiasne rare cases are detected
before birth via ultrasoundKesrouani, 1999)Around 6070% ofchildren survive to

5 years(Monclairet al,, 2009, if diagnosed under 1 year then the outlook is better
than for older children; those diagnosed before the age of one leavive year
sunival of 83% compared to 43%hildren with HR NB have a 20% chance of
surviving; however this is increased to 30% wattyetedimmunotherapy There are

approximately 100 n& cases each year within thénited Kingdon{UK).
1.1.1 Diagnosis angymptoms

NB most frequentlyin 65% of casesarises in the adrenal medulla or lumbar
sympathetic gangligdCheung and Dyer, 2013hildren present with a variety of
symptoms that may be caused by the primary tumour, metastasesystemic
effects in response to hormones released by the tumour cells. The primary tumour
frequently grows within the abdomen and in these cases children frequently present
with a large distended abdomen or a large lump or swelling within the abdonmen. T
tumour may press against blood vessels to cause swelling, or against the bladder
prompting difficulties urinating. Metastases to lyimpodes or bone can cause pain
whichcauses the child to limr in extreme cases results in an inability to walk. The

bone marrow(BM) metastases cause decreased blocaimponents; platelets, red



blood cells and white blood cells, leading to tiredness, irritability, weakness, bruising
and frequent infections. The tumour secretes hormones into its microenvironment
thesespread around the body causing paraneoplastic syndrome including diarrhoea,

reddening of the skin, sweating, fever, increased heate¢ and blood pressure.

The diagnosis dfiBis male using the following criteriaige of a patient at diagnosis,
histology ofthe tumour,MYCNamplification,elevated urinarycatecholamine levels,

site of tumour and metastases. The age of a patient at diagnosis is indicative as
neuroblastoma normally presents in children under the age of (kkl6f and
Gooding, 1967)

The histologys assessed firstly tdetermineif the cells areancepus; then used to
inform a diagnosisf NB is confirmeghistologicacharacteristics of the tumouare

usedto determine NB differentiation statusNB tumours consist of smatiund cells

which arel O2YY2y KAalz2f23& aSSy Ay 2mOKSNJ (d
rhabdomyosarcomgso further observations are needé€@ullinaneet al., 2003) NB
frequently contairs nests of cellswithin a neurofibrillary structurethese rosettes

are known aslomerWright rosettes These arenot unique to NB and their presence

is not essential for a diagnosis. Immunohistochemistry is also used to identify NB
cells antibodies for neurorspecific markers such auroblastoma 84NB89 are
commonly useqShimadaet al, 1999, Cullinanetal, 2003 ! yf A1 S 9 gAYy Q2
and acte lymphoblastic lymphomaenbloc or punctuate Reriodic acidSchiff
stainingis not seen in NB histologZullinaneet al., 2003) Tumours are varied in

their histology and can be fully undifferentiated comprgof small round cells or

have signs of differgtiation with welldefined nuclei and large cytoplasm. The
Shimada scale (The International Neuroblastoma Pathology Classification) is used to
assess the clinical and biological characteristics of the NB. The tumours are first
classified as stroma poor gtroma rich examples of each are illustrated in Figure

1.1. Nodular stroma rich tumours have an unfavourable outcome but intermixed
differentiation states in stroma rich tumours have a favourable outc¢8t@mada

et al, 1984) The stroma poor group is further divided into favourable and
unfavourable using age at diagnosis, differentiation state of ¢blls, degree of

maturation and mitosigkaryorrhexis index (MKI). MKI is armpeassion of apoptosis



in a cell;karyorrhectic cells have condensed and fragmented nuclei these cells are
counted by a pathologist to give the MKI. A high MKI value suggeststtapover

in NB. There arél KNBS 3INJ RSa & The most favourtalBesgrongps’s
intermediate 2> | Y R KShilddaet#n:1999)

Stroma rich

Intermixed
differentiation

Nodular

Undifferentiated
or MKI >4%

differentiated
and MKI <4%
or poor

differentiation

> 5 years old

MKI >2%
and poor/
undifferentiated

1.5-5years old

Stroma poor

Favourable Unfavourable

Figurel.l Unfavourable and favourable prognostic groups NB.

A, Schema to show impact of age of patient at diagnosis, differentiation status,
stroma status and MKindex on patient prognosis. Bnmunohistochemistry

on NB +iii show the differentiation grade uskin Shimada classification; i is
undifferentiated, ii poorly differentiated, iii is differentiating. iv and v show
stromal development; iv is stroma poor and v is stroma rich.



The primary site of the tumour informs diagnosis. There are several waystifyde

the site of the tumour. An ultrasound may be used to detect tumours in the abdomen
and also show swollen kidneyghich can occur due to the decreased urine outflow
caused by the enlarged lymptodes. The ultrasound is quickasy and does not
exposethe patient to high levels of radiatigrbut is limited as it cannot detect
metastases beyond the abdomen. Matadobenzylguanidine (MIBG) scans are a key
tool in diagnosing NB. The scan uses the radioisotope id3daneta
iodobenzylguanidine {131 MIBG as a tracer to detect tumour cells which appear
‘bright’ on the scan, identifying the tumour. Th&31 MIBG is taken up into the NB

via norepinephrine transporters (NET) as it is an analogue of noradreriSlireby

et al,, 2014) The specificity is due to the increased expression of NET on 90% NBs;
however, there are 1 in 10 false negatives with MIBG scand@% of tumours do

not have increased NET expression. Images are taken up to 72 (hpafter the

GNJ OSNJ KIFa 0SSy Ay2SOGSRe® ¢KS o6fl RRSNJ I
because of the renal excretion tife F131MIBG, this can be reducedrough good
hydration (Matthay et al., 2010) MIBG scans identify the abdominal tumours and
some metastaseaswell but it can be hard to identify bone metastasesing this

method (Lessig, 2009, Schmigltal., 2013) MIBG scanare used to assess response

to treatment as well as aiding diagnosis, Figl/2

Most NBs produce and secrete catecholamines, a hormone normally produced by
differentiated sympathetic nerve cells. Catecholamines are then broken down into
metabolites; thepresence of metabolites can be screened for in the yrahevated
levels are indicative of NB. Catecholamine tests are done to screen lewvitls of
metabolites Homovanillic acid (HVA), Vanillylmandelic acid (Fthardet al.,
1989) Elevated levels of HVA or VMA are detected in urine using high perfoemanc
liquid chromatography with electrochemical detecti¢Barcoet al., 2014) Normal
levels of VMA and HVA are dependent on age. VMA in patierdsr 1 year old
should be <27icrogrammilligram (nug/mg)and over ayear <18ug/mg; HVA less
than a year <35@g/mg and over a yea&3 g/mg. Elevated levels are classified as 2

times the normal level and abo{&mithet al.,, 2010)



The presence of bone metastases is another factor used in diagnosing NB as
metastases toBM is present in 50% of NB patien€huet al, 2011)and has
prognostic implications. It is therefore important to have a quantitative and reliable
method to detect metastases in the bon#his s done by supplementing the MIBG
scan with bilateralBM biopsies.ldeally BM metastasis is evaluated in in 2 BM
aspirates and 2 BM trephinégBurchillet al, 2017) Cancerous cells within thBM

are detected by exmining theseBM samples; both trephines and aspirates can be
analysed for the presence of NB cells. Clinical practice is lacking in consistency of
standardisedBM evaluations some hospitals and centres use only trephimes
aspirates and some use bot@nce a patient is diagnosed with NB the cancer is then

staged to decide which cose of treatment should be used.
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Figurel.2 MIBG scan on an 8 %2 year old female

A,MIBG scan on an 8 ¥ year old femaith widespread skeletal involvement
ofstage 4NB.AAA (GF 1Sy i RAIFIy2ara sKSNB YS
seen highlighted by arrows) and A shows end of therapy scan wher®
metastases are detected,.BEBummary of the Curie MIBG scoring system where

the skeleton is divided into 9 segmentsdaa tenth section is used to count soft

tissue involvement, each segment is given a score; 0, no sites per segment; 1,

1 site per segment; 2, more than 1 site per segment; 3, diffuse invalem

(>50% of the segment). B idemonstrates thelnternational Society of

t F SRAFONRO hyO2f23& 9dzNRPLISIH y(SIDFEMWNR 6 f |
MIBG scoring system which divides the skeleton into 12 anatomic segments.
Each segment is then graded as; 0, no sites per segment]idcrete site per

segment; 2, 2 discte lesions; 3, 3 discrete lesions; 4, >3 discrete foci or single
diffuse lesions involving <50% of a bone; 5, diffuse involvement cB5%©

whole bone; §diffuse involvement of the entire bone. Adapted frgMatthay

et al, 2010)



1.1.2 Staging

There are currently two different stagy classifications for NB, theternational

Neuroblastoma Risk Group (INRG) and the Internatibiealroblastoma Stage (INS;

Table 1.1)Staging systems are used to establish a consisteptoach to treatment

and risk stratification. The stages are based on clinical criteria and respective risk

factors. INRG revised the staging criteria and risk classification of NB in 2009 in order

to allow direct comparison of international riddased ahical trials to evaluate the

effectiveness of therapie@vionclairet al., 2009.

Table 11 The INSnd INRGstagessystemsof NB.
Adapted from(Monclairet al. 2009) and(Brodeuret al., 1993)respectively.

Nipsilateral ¢ on the sane side of the body as the primary tumour,

*contralateral g on the opposite side of the body as the primary tumour

International
Neuroblastoma
Stage

Description

International
Neuroblastoma
Risk Group
Stage

Description

Localized tumour
with complete gres
excision, with or
without microscopic
residual disease;
ipsilateral”® lymph
node negative for
tumour

L1

Localized tumour no
involving vital
structures as defineq
by the list of image
defined risk factors
and confined to one
body compartment

2A

Localize tumour
with incomplete
gross excision;
ipsilateral™ lymph
nodes negative for
tumour
microscopically

L2

Loco regional
tumour with
presence of one or
more imagedefined
risk factors

2B

Localized tumour
with or without
complete gross

excision, with same
side non adherent

lymph nodes positive

for tumour. Enlarged

contralateral* lymph

Distant metastatic
disease (except
stage MS)




nodes must be
negative
microscopically.

Unresecable
unilateral tumour
infiltrating across the
midline (vertebral
column), wih or
without regional

lymph node Metastatic disease i
involvement; or children younger
localized unilateral than 18 months with
3 . MS )
tumour with cancer confined to
contralateral regional skin, liver, and/or
lymph node BM.

involvement; or
midline tumour with
bilateral extension by
infiltration or by

lymph node

involvement.

Any primary tumour
with metastases to
distant lymph nodes,
4 bone,BM, liver, skin
and/or other organs
(except as defined fo

4S)

Localized primary
tumour with
metastases limited tg
skin, liver and/oBM,
with BMinvolvement
4S fewer than 10% total
malignant nucleated
cells. The MIBG sca
would be negative fol
BM. When patient is
under 1 year of age

1.1.3 Prognosis

Several clinical prognostic factors are taken into account when asgighiidren
with NB to a risk groupmge, grade of tumour, MYCN amplification and metastases

The age at diagnosiss considered as patient under 18 months has a better



prognosis than one older than 18 mont{@@heung and Dyer023) The grade of the
Gdzy2dzNJ GF1S&a Ayid2 |002dzyd GKS |Y2dzyd 21
proportion of normal looking cells the better the prognostic outl¢g&kimadaet al,,

1999) Presence of mtastasegredicts a poor outcome, BM involvement portends

for an especially poor outcomé&he lerel of metastases is assessed udiiBGscans

using the Curie scoring system or the International So@étiyaediatric Oncology

9dzNR LISFY bSdzNRBof | 402 YLl )schiadssysielrgurel )i ¢ 2 NJ
and evaluation of metastasis in tBMusing histology and cytology of trephines and

aspirates respectively.

These prognostic risk factors are used idifidn to stage to infornthe patient risk
category; low, intermediater high. A lowrisk patient is one with stage 1, 2A, 2B, 3
and 4S all with nMYCNamplification asMY CNamplification is an indication of poor
prognosigWanget al,, 2013) HRpatients are those with stageMBwith or without
MY CNamplification or stage 2A, 2B, 3 and 4S witiCNamplification.MYCNSs not
prognostic in children with stage 4sdiase Thestaging and risk group of NB patients

is important as each group follea different treatment course.
1.1.4 Treatment and outcome

The treatment of NB patients is dependent upon the risk category of the patient.
Lowrisk patients are mostly treatedith surgery alone to remove the tumour and

in some stage 4S cases no surgery is needad with close observation and
supportive care some tumours regress spontaneoudlghara et al, 2012)
Regressive tumours are mostly small localised tumours; however large tumours in
stage4S patients can also spontaneously regress. Overall suf@%ior patients

with low-risk NB under the age of 12 months is 91% and under the age of 21 years
95%(Cheung and Dyer, 2013ntermediaterisk patients have a lowed survival

rate of 89.2% and argenerallytreated with surgery and moderate intensity

chemotherapy(Cheung and Dyer, 2013)

Low and Intermediate Risk Neuroblastoma European Study (LINES; NCT01728155)
combinesnon-HRpatientsinto a single protocol, with the aim of improving survival
using prognostic classifications to inform treatment. LINES stratifies patients based

on risk, in lowrisk cases LINES aims to reduce the treatment given to chidnen



-10-

have good prognosis, whilstlecting those with poor prognosis for chemotherapy
using the genomic profile of the tumour. Similarly, intermedigk patients with
good prognosis receive reduced chemotherapy, this mises adverse side effects.
Children with predicted poor prognas from histology results identifying poor
differentiation receive increased radiotherapy and retinoic acid tnezt. Adjuvant
treatment is introduced to intermediateisk children whose prognosis is poor
identified by MYCNamplification. Stage 4 childrereceive the same moderate

treatment that yielded good results in the SIOPEN studies.

The LINES protocalso addresses NB identifi@d uterg there is currently no clear
optimal management choice for these children. The aim for these children is to
maintain high survival using a naperative therapeutic approach involving

monitoring and if warranted, surgery.

HRNBs are harder to treat as they have either extensively metastasized BHAGN
amplified and therefore highly aggressive tumours. They haesvar survival rate
of 31.1%(Cheung and Dyer, 2013)here is no standard of care available FR
patients instead they are treated within clinical trials. Typicaitgatment within a
clinical trial for theHRpatients folbws 3 stages; induction therapy, consolidation
and treatment to eradicate minimal disease. Most clinical trials involve -dose
intensive chemotherapyollowed by surgical resection of the tumour if an adequate
response is seen. Then the patient undergoeslogblative therapy(MAT) and
radiotherapy followed by autolgous stem cell rescue. In tBiropearHRstudy HR
NBL1.5/SIOPEN) each patient wadsen given antGD (disialoganglioside
[13(NeuAc)2GgOse3Cemmunotherapy and 1&isretanoic acid with or whout
interleukin2 (IL-2).

There are many clinical trials available worldwide; for the purpose oftibsis| will
explore the SIOPEN HR siBdies (HRNBL-1.0/SIOPEN, HRBL-1.5/SIOPEN or HR
NBL1.7/SIGPEN; recruitment from 11.10.201:30.06.2017) ethical approval
number 01/04/087and clinical trial number NCT0170471#® illustrate the format

of a clinical trial to treaHRNRB Clinical samples were received for laboratory work

from children registered on these trials.
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The SIOPEN HR NB studies are manised interventionalclinical triak open for
patientswith HRNB.As depicted in Figure 1.3e patients first undergo induction
therapy, and are assessed for adequate respomgech s classed as less than three
hot spots on the MIBG scdhadensteiret al,, 2010) Patientsthat do not respond

to the induction therapy are taken off the trial to have topoteeaimcristine
doxorubicin (TVD), if after a maximum of 3 rounds of TVD the patient has responded
they arere-entered onto the trial. Patients that have responded to induction therapy
undergo a stem cell harvest before MARfter MAT the patient receives

radiotherapy then minimal residual disea@@RDXherapy to remove any remaining

NB cells.
Stem cell
Diagnosis harvest
INDUCTION J MAT MRD
PHASE SURGERY T1 pHASE [ RADIOTHERAPY 7 phase

Figurel.3 Therapy schematic for SIOPEN HR NB trials.

MAT represents myeloablative therapy. MRD represents minimal residual
disease therapy.The patient first undergoes induction therapy then if
adequate response is seen undergoes MAiis Ts followed byadiotherapy

and finally MRD treatment. If an inadequate response is not seen after
induction the patient receives TVD, if an adequate response is then met the
patients follows the rest of the treatment. If after TVD an adequate response
is not met the patient is remad from the trial.

The stem cell harvest is needed AT cause BM ablation which leads to the loss

of haematopoietic stem cells due to the highse radiation or chemotherapy.
Bulsulfan/melphalanBuMe)) proved to be much more effective and less toxiarth
carboplatin/etoposide/melphalafCEN) (Burchill, personal communication) and so
the trial was adapted toemove the BuMel/CEM randomisation; to only give children
BuMel duringlATand focused on ta benefits of administering £retinoic acid and
anti-GD» post radiotherapy with or without H2. After BuMel patients have their
stem cells reintroduced and are then put onto a course of radiotherapy. The updated
trial then uses another randomisation, one arm is @B antibodies with 1E2 and

the other isanti-GD» antibodies without [E2. The antGD antibody therapy isised
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to minimise any residual disease or any disease reintroduced via stem cell harvest
(Matthayet al,, 1993) The antiGD antibodies target reraining NB cells and target
GKSY F2NJ RSaGNHzOGA2y o0& GKS K2adQa AYYdzy

If children do not respond to theduction therapyor TVD then they are offered
alternative treatment, mostlikely entering a randomised phase Ilb trial of
bevacizumab added to temozolomide + irinotecan for children with
refractory/relapsed NBREACONN which children are treated with bevacizumab
andother chemotherapeuticsBEACON is designed for patients withvidisch does

not respond toHRtreatment, or those whohave relapsed.

The next great challenge is to identify the A@sponders and develop novel ways

to target these especially aggressive NBs. Improved outcomes for NB might best be
achieved by developing a more personalised therapeutic approachetiment.
MYCNs currently used to decide the stage of diseas®l therefore it is being used

to select chdiren for treatment at diagnosisthis is the basis of personalised
treatment. As more biomarkers and complementary therapies are identified, the

therapy plan becomes more specific.
1.1.5 Biology

There are many biological factors reported tfect the progression and
characteristics of NB. Amplification BFYCNs the only genetic abnormality that is
in current clinical use as a gfiag tool (see Sectinl.1.9, however this may soon
change with further understanding of the biological relevance and clinical utility of
each factor. It is anticipated that the identification and understanding of new
prognostic and predictive biomarkers will inform bettertigmt staging and more

effective,less toxi¢ctherapeutics.
1.1.5.1 Genetic factors

The transcription factoMYCN mapping to 2p24.1, was first identified as a key
oncogenic driver of NB in the 1980s. Amplification of the gene is reported in 22% of
cases(DomingeFernandezt al, 2013, Brodeuet al, 2014) Many studies have
shown that amplification bMYCNleads to increased proliferation, migration and

invasion and not surprisinglyMYCN amplification is linked to unfavourable
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characteristics and poor prognosis. AmplificatiodWdfCNn stage 1, 2 or 3 tumours
results inthe patient being upgraded taHRbecause of this strong link to poor
outcome. MYCNprotein binds with myeassociated factor X (MAX) to form a
heterodimer that binds to E boxes in promoters within the genome, either activating
or repressing transcription of the gene. The exact molecolachanisms through
which MYCNdrives oncogenesis remain elusive although it is known to regulate
thousands of target genes that are likely to have roles in proliferation and aggressive
phenotype. Anaplastic lymphoma kinase (ALK), minichromesonaintenane
complex componen{MCM) 7, high mobility group A (HMGA), MdrpB3 binding
protein homolog (MDM2), multidrug resistanessociated proteirl (MRP) and
ornithine decarboxylase (ODC1) are all identifiddCNtarget genes and their co
amplification is obsefed often (Hogartyet al., 2008, Gamblet al., 2012, Domingo
Fernandezt al,, 2013) High levels of MYCN protein expression have been reported
in the absence of MYCNamplification, this could be due to increakkevels of ALK
andextracellular signategulated kinas¢ERKY -these pathways are discussed later

(DomingeFernandezt al., 2013)

ODClencodes the ratdimiting enzyme for polyamine synthesis. Polyamines are
organic cations that enhance tralation, transcription and replication. Levels of
OCD1 are elevated in rapidlygtiferatingtissues as aberrant levels of ODC1 cause
accumulation of polyamines leading to the increased proliferafidngartyet al,,
2008) Polyamine pathway homeostasis is qofied byMYCNGambleet al., 2012)
co-amplification of OCDland MYCN often being reported as indicating poor
prognosis.OCDlover expression has been reported in NB cells withdédYCN
amplification from children withHR disease, where it indicates poor prognosis
independent oMY CNamplification(Gambleet al., 2012) Inhibition of ODC1 has an
anti-tumour effect in tumours, suggesting that polyamine sufficiency is necessary for

tumorigenesis.

Wild type ALKcodes for a receptor tyrosine kinase that mediates prolifienat
migration and invasiorand is expressed in the developing sympathoadrenal lineage
of the neuronal crest, the cells in which NB are known to gtiselis and Shohet,

2014). The full molecular pathways of ALK are not fully understgtasanet al.,
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2013)but it is known to activatgohospholipase CPL(J, Rat sarcoma (Rasjignal
transducer and activator of transcriptiol s TAT 3/5 and phosphatidylinositoé,5
bisphosphate Xkinase (PI3K leading to cell proliferation, cell renewal and cell
survival (Brodeur and Bagatell, 2014, Louis and Shohet, 20AlKwas first
identified as a gene of interest inBNas mutatedALKis present in 75% of hereditary
casegMorenoet al, 2013, Brodeur and Bagatell, 201éereditaly NB is rare and
accaunts for just 32% of incidencemost NB are sporadi®oth mutations of the
gene and increased expression AiftKhave been linked to poor prognosis in NB,
occurring in 9% and 3% of sporadic NB respectijelygh et al, 2013) The
involvemert of ALK in tumour developmerias been confirmed usingbonucleic
acid RMNA) and chemical inhibit of ALK, both of which cause decreased
proliferation and increased apoptosis of NB c@fiasanret al, 2013) Amplification

of ALKis almost always seen alongsidér CNamplification aghey share a regulatory
feedbackpathway. ALK inducedlYCNranscription through theERKpathway and
stabilisation oMYCNprotein is a inducedhrough the PI3K pathway. In turn MYCN

increasesALKtranscription(Linderet al,, 2014)

ALK inhibitors have been developed, one example being crizotinib which dhowe
promise in clinical trials for anaplastic large cell lympho&iaK translocated
tumours, with 100% of treated patients achieving clinical ben@fioreno et al.,

2013) Unfortunately only 1 in 11 of NB patients with mutationalivere reported

to show any response to crizotinib in a small pilot stgllipsseet al., 2013) Ths

lack of activity may reflect a common mutation in the ALK gene, F1174L, which is
reported in 34.7% of mutateALKNB (De Brouweeet al,, 2010b) F1174L is thought

to cause the receptor tyrosine kinaseliecomeresistant to the inhibito(Linderet

al., 2014) Targeting the F1174L mutated ALK may provide a more effective inhibitor.

ERK5 is a member of the mitogen activated protein kinase family and indirectly
activated by ALK throughitogen-activated protein kinas&inasekinase JMEKK3}

ERKS5 increases expression of MYCN at the transcriptional level, the exact mechanism
is not yetknown but could prove helpful in identifying a druggable target to prevent
increased levels dfYCNtranscription. ERK5 may also prove helpful to overcome

ALK inhibitor resistance, since initial studies have shown synergy between inhibitors
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of ALK and ERKBmapathyet al,, 2014) The anttumour effect of these inhibitors

in combination was active in tumours with the F1174LKmutation that are
resistant to cizotinib, which is an encouraging observation that may in the future
prove to be of benefit for patients with botALKand MY CNamplified NB. Inhibitors

of ERK5 need to be designed with acceptable toxicity. More insight into the

mechanism of ERKS5 regulatiof MYCNs needed to develop such inhibitors.

Pairedlike homeobox 2B RHOX2B is another factor that has been strongly
implicated in hereditary cases of NB. Hereditary NB is ra?&p bf all case@vioreno

et al, 2013)as described above/5% are caused bfLKactivating mutations a
further 5% contain PHOX2Bnactivating mutationsBrodeur and Bagatell, 2014)
Consistent with a role oPHOX2Bn predisposing children to NB, there a20%
incidence of NBA Y LI GASYyda 6AGK hyRAYySQa OdzNES
PHOX2Bare present(Trochetet al., 2005, Brodeur and Bagatell, 2018HOX2B
mutations are present in 4% of patients with sporadic(N&uis and Shohet, 2014)
PHOX2EBncodes a homeodomain transcription factor that promotes cell cycle exit
and drives the differentiation of neural crest precursors to sympathetic neurons
along with PHOX2A(Cheung and Dyer, 2013yWhen PHOX2Boss of function
mutations arise the regulation of calciunin the differentiating cells is lost,
preventing them from further differentiatioiLouis and Shohet, 2018 atients with

less diffeentiated tumours have a poorer prognosisurthermore PHOX2B can
inhibit ALK; therefore loss of function of PHOX2B contributes to the pathogenesis of

NB through deregulation of ALK.

Neurotrophin receptordropomyosin receptor kinaséTRK A, TRKB an@RKGnd

their cognate ligandserve growth factor (NGF) brain derived neurotrophic factor
(BDNF) and neurotrophin 3 (MB) respectively each play roles in NB. TRK
neurotrophin receptors have roles in development and maintenance of the central
and peripheral nevous systen{Brodeuret al., 2014) TRKA and TRKC are involved in
development of sensory and sympathetic neryBsodeuret al, 2014) The TRKA

and NGF pathway has a role in spontaneous regression that is observed in many
stage 4S patients. It is thought that other factors also play a role in this regression

such as cellulaand humoral immune responses, telomere shortening and epigenetic
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changes. IncreasetiRKAexpression is linked to favourable features of NB such as
younger age at diagnosis and kY CNamplificatiory high TRKA levels are reported
in low stage tumour¢Brodeur and Bagatell, 2014ljhe regression is also dependant
on expression of the land NGF in the microenvironmenthen NB cells with high
expression offRKAvere exposed to high NGF vitro the cells differentiatd and
survived for a long timéBrodeur and Bagatell, 2014lhis evidence suggesifRKA
has a role as sumour suppressor gene (TSB)NB but there have been no lisko

inactivation ofTRKAnN unfavourable NB cases.

TRKBexpression is a predictor of unfavourable NB. OverexpressiorRéfBand
BDNFis reported in 36% of children and is indicative of aggressive NB especially
when accompanied witivY CNamplification(Brodeur and Bagatell, 2014)RKB is
involved in motor neuron development and when activated by BDNF the pathway
causes invasion, metastasis, angiogenesis and drug resistance whilst preventing
differentiation of cell{Matsumotoet al., 1995, Haet al, 2002, Brodeuet al., 2014)
Mutations in TRKBhave not been identified in NB but increased expression is
thought to be linked taMYCNamplificgion as50-60% ofHRNB show TRKBover
expression, perhaps due to indirect activation By CN(Brodeuret al, 2014)
Studies have shown that inhibition GFRKBincreases apoptosis and therefore
potentially sensisescells to chemotherapeutics. Lestaurtinib, a TRKB inhibitor is
currently in clinichtrials for patients with refractoryNB the phasel study showed
some stabilisation of disease (9/46) and partial response (2/46) however there has

been no further evaluation to dat@Minturn et al,, 2011)

Thereare many genetic profiling studies in NB but like many other paediatric cancers
the mutational profile is relatively silent, with few informative mutations. Therefore,

studies have turned to focus on epigenetic events that may drive malignant
transformaton leading to NB. These changes may be useful prognostic, predictive

biomarkers and potential targets for therapy.
1.1.5.2 Epigenetic factors

Tumour cell ploidy is also a prognostic indicator in NB, less aggressive tumours with
localised disease in younger patis tending to have hyperploidy and less

chromosomal aberration€DomingeFernandezt al, 2013) Patients with tumours
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that are hyperploid have a more favourable outcome with 90% lergn survival
(Kaneko and Knudson, 2000hereasHRtumours are associated with high levels of
chromosomal aberrationgCheung and Dyer, 2013)Vith an increase in age at
diagnosis come an increasékelihood of chromosmal aberrations increases and
the ploidy of the tumour is no longer prognostic; in children over the age of 2 years
at diagnosighe prognostic significance of ploidy is loiting its clinical utility

(DomingeFernandezt al,, 2013)

Loss oflp and 11q are reported to predict poor outcome in (I®mingeFernandez
et al,, 2013) as are gains of 14¢heung and Dyer, 2013)osses of 3p, 4p, 9p and
14q and the gain of 1q, 2p, 7q and 11p have alsenbdescribedn children with

poor outcome but these are less well establisti€theung and Dyer, 2013)

Deletion of chromosome 1p is reported in-36% of all NBs and 70% I6RNBs
(DomingeFernandezet al, 2013, Brodeur and Bagaltel2014) and strongly
correlates withMYCNamplification and poor outcome. The predictive value of 1p
deletions reflects the loss of sevefb@Gn this region includingcalmodulin binding
transcription activator 1GAMTAY, miR34a, kinesin family memid&] mY L Chd. |
castor zinc finger 1JASZjland genes involved in chromatin remodell{iilppmingoe
Fernandezt al, 2013, Brodeur and Bagatell, 201#&pw levels of these TSGs are
linked to an unfavourable prognosis. Decreased expressi@@A&Z1a zinc finger
transcription finger important in neural development and differentiation, is linked to
increased age at diagnosis and is under expressed in 77% of NBs from patients over
the age of 18 monthgLiu et al., 2011, Brodeur and Bagatell, 201©AMTAIis
another TSG coding for a transcription factor involved in neural differentiation and
inhibition of proliferation, low levels are reported to be an indicator of poor outcome
independent of MYCNstatus (DomingeFernandezet al, 2013) miR34a causes
activation of caspase 3/7 apoptosis pathway, causing cell death, miR34a also targets
E2Fwhich in turn has antproliferative effects(Welchet al., 2007b) Interestingly
miR34b/c are coded by chromosome 11q which is frequently lost in NB, although the
role of thesemicro RNAsnjiRNA3is currently unclear. There are other genes that

are still being eplored as TSG lost on chromosome 1p important in NB such as



-18-

ubiquitination factor E4b YFE4B and apoptosis inducing TAF9 like domain 1
(APITDYL(DomingeFernandezt al., 2013)

Loss odeletions of chromosome 11gccur in 25% of NB and are predret of poor
outcome (Brodeur and Bagatell, 2014As in chromosome 1p there are TSGs that
regulate chromatin remodelling including the H2A histone family memiei2 AFX

that are lost when 1q is deleted, as well as the cell adhesion moleculéADM).
CADM1 is an immunoglobulin cell adhesion molecule that mediates cell to cell
interactions and is involved in neuronal cell developm@iteung and Dyer, 2013,
Brodeur and Bagatell, 2014Pecreased expression GADMIlalso causes increased
proliferation (DomingeFernandezet al, 2013) H2AFX is needed for genomic
stability; decreased levels of H2AFX lead to increased genetic aberrations and
greater cancer ssceptibility. Decreased levels of CADM1 and H2AFX are linked to
aggressive clinical behaviour of NB cél®mingeFernandezt al., 2013) Unlike
chromosome 1p deletions, chromosome 11q deletions are usually inversely related
to MYCNamplification although there is a rare subet of tumours which @ntain

both. These observationsuggest there are genes key to the pathogenesis and
character of NB on chromosome 11q, which support the introduction of
chromosome 11q deletion as a prognostic factorlinical pracice to help decide

the optimal treatment course for individual childréhouis and Shohet, 2014)

The most common genetic aberration in NB, the unbalanced daahrmmosome
17q, is reported in 90% H{RNB patients and is linked to the loss of chromosome
1p andMYCNamplification(Kaneko and Knudson, 2000, Domifiggrnandezt al.,
2013) It is seen as a controversial NB prognostic factor as trereomnflicting
literature as to its independence without other factaiSomingeFernandezt al,
2013) The region of gain on chromosome 17q is variable but mostly involves-17g21
15 (Brodeuret al,, 2014) There is not much known about the mechanisms in which
the chromosome gain cause unfavourable outcome but increased
surviving/baculoviral IAP repeat containing BIRCH and Nm23hucleoside
diphosphate kinase ANMEJ) occur when there is chromosome gdBrodeuret al,,
2014) BIRCS is an ardpoptotic and presurvival factor, and associated with poor

outcome. NME1 is nucleoside diphosphate kinase that is responsible for the
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synthesis of many cellular nucleoside triphosphates which affects cell proliferation
and differentiation. In many cancergigh levels of NME1 are a positive prognostic
factor as it is viewed aa TSG gene, however increased lev#I®&NMEL in NB is

prognostic ofaggressive unfavourable phenotyfigrodeuret al., 2014)

There are several genes involved in chromatin remodelling that have been linked to
NB. Mostwell-understood are chromatimelicaseDNA binding gene 3CHDb 2= N
thalassaemia/mental retardation syndrome X linkéd@RXand ATrich interactive

domaincontaining proteins 1A and 1BRID1A ARID)Brodeuret al., 2014)

ATRX is part of a compleskichregulatesadenosine triphosphateXTB-dependant
chromatin remodelling nucleosome assembly andyulates telomere length
(Brodeuret a., 2014) Mutations inATRXare thought to result in loss of function and
have an overall prevalence of3%6(Brodeuret al, 2014) ATRX is associated with X
linked mental retardation (XLMR) but children with XLMR do not have an increased
incidence of NB, suggesting that ATRX alone i€motigh to initiate NB. There is a
strong association betweeATRXmutations and the age at diagnosis in stage 4S,
around 17% in children between 18 month and 12 year olds and 44% in over 12 year
olds with no mutations seen in children under 18 months sstjggATRXhas links

to stage 4S NBCheungget al., 2012) ATRXnutations also correlate to the length of
telomeres(Louis and Shohet, 2014¢ancer cells need to maintain telomeres to
survive, 30% of NB show increased telomerase actitibyvever this does not
directly result in longer telomeres, and it is thought thRTRXmutations actiate
alternative lengthening of telomeres and this could cause the survival of NB cells

(Cheung and Dyer, 2013)

ARID1A/B are essential components of tlwitch/sucrose noAermentable
(SWI/SN)neural progenitorspecific chroman-remodellingBRG1/BRM associated
factor (BAR complex which is important in selénewal of multipotent neural stem

cells (Brodeuret al, 2014) ARID1B is also thought to have a role in chromatin
structure. Mutations in the ARID1 proteins are observed in 11% of NB and have been
associatedwvith early treatment failure and decreased survi(@auseret al., 2013)
Increases in the BAF complex specific to neural progenitor is obseridR B,

however neuron specifiBAF complex is increasein lowrisk cases. Neural
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progenitor BAF signalling disruption keeps the cells in an undifferentiated state, this
aberrant signalling is linked #RIDImutations and could explain the link between

mutations inARID1and poor outcome in NB patien{Sauseret al., 2013)

CHDS5is a TSG that is preferentially expressed in the nervous system and testis
(Brodeur et al, 2014) CHD5 is involved in forming nucleosome remodelling
complexes that are transcriptionally repressive by facilitategxyribonucleic acid
(DNA methylation causing changes in gene expression. Located to chromosome 1,
it is lacking a copy in chromosome 1 deletion NBs. The loss of the other allele is due
to epigenetic silencingBrodeuret al., 2014) The epigenetic silencing is thought be
through hyper methydtion of the promoter, induced byMYCN amplification
(DomingeFernandez et al, 2013) explaining the correlation between low
expression oCHDS5and MY CNamplification. A correlation between lo®@HD%and
advanced stage, older age and unfavourablécome is also reportedDominge
Fernandezt al,, 2013, Brodeuet al., 2014) Children withhigh levels of CHD5 have

a favourable outcomgsupporting experiments that have shown inducing expression

of CHDSn vitro decreasesumorigenicityof the NB cellgFujitaet al., 2008)

Lin-28 homolog BLIN28Bis part of a family of RNA binding proteins that regulate

the transcription of the miRNAs of tHethal-7 (let-7) family (Brodeuret al.,, 2014)
LIN28B inhibits the processing of-lEtniRNAs by prevéing Drosha from preparing

the primary miRNA for exportDomingeFernandezet al., 2013) High levels of
LIN28B are reported during development as it plays a significant role in determining
cell fate and the stem cell like factors of the cqlBhu et al, 2010) LIN28B
overexpression is associated wiHRNB, poor survival and adverse risk factors;
LIN28N is also over expressed in other cancers such as hepatocellular carcinoma. It
is thought that over expreson of LIN28B could be linked to a single nucleotide
polymorphismwithin the LIN28B genéDomingeFernandezt al., 2013) The over

expression of LIN28B is an independent prognostic factor for poor survival.

Genetic profilingis becoming more appdéiag in NB as heterogeneity can be seen
within the stages, including variety of response and characteristics of the tumour. It
is hoped that through genome analysis subgroups can be identified to help risk

stratification and guide novel therapitics. h addition to MYCN statyscurrently
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only chromosome 11p has been included in clinical practice for assessing prognosis
and outcome in NB patientddessenger RNATRNA signatures could be used in
clinics to further group NB patientas has been done with o#in cancergvan 't Veer

et al, 2002) There is a plethora oprognostic biomarkers described NB but
validation and comparisons using multivariate analyses are needeestablish

which, if any, can benefit children with NB if they were to be adopted in clinic.

One study suggesB genomic subtypes of NB, type 1, type 2A and typéAtielet

al., 2011) Type 1 tmours are lowrisk, triploid, have high TRKA and are most likely
to spontaneously regress. Type 2 tumours follow a more aggressive clinical:course
type 2A tumours are of intermediatesk and have higlevels of lost chromosome
11gand high ¢vels of gairof chromosome 17qtype 2B tumours aréiRwith high
levels oMY CNamplification high gain of chromosome 17q and loss offigcheket

al., 2010, Abeét al,, 2011) Analysis of 3 published microarrBBdatasetsdentified

four significantclusters using 74 discriminative genes on a population of 148 NBs.
From these gene6 could be used to discriminate between thelusters identified,
these genes werdLK, BIRC5, CCND1, MYCN, NamiKaHOX2BClusters 1, 2 ah

3 fitted well with types 1, 2A and 2B already identified. The fourth cluster tended to
have a high tumour stage, poor outcome, loss of chromosome 11q, low levels of
ALK/BIRC5/PHOX2B and havawwCNamplification(Abelet al, 2011) There are
additional signatures that have potentially equal importance, however not all
signatures agree with each other, most likely due to difference in ambres to

profiling and analysis.

Combining both epigenets with the genetic consequengesidies have also looked

at expression differences betweeapecific epigenetic subsets BBsuch as within
NB withloss of chronosome 11q, which appears in around®3@f all NEFischelet

al., 2010, Brodeur and Bagatell, 2014hese studies identified a gene expression
classification that identified 2 prognostically distirsctbgroups of NB patients with
11q loss. Similar results are reported when analysing gene expressiiswyith no
MYCNamplification within HR patients, prognosticsubgroupswere identified
(Asgharzadehet al, 2006) Theses subgroups had clinically indistinguishable

metastatic disease but using gene expression signatures segyeegaté into those
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with a progressiodree survival of 16% or 69%. Furthezvélopment of theHR
subgroups could improve development of clinical gia@imed at improving NB
outcome The difference in specific mMRNA profiéeaild indicate novel biomarks

or targets for therapythis could allow better prognosis and treatment outcome

1.2 BMdisease inNB

As previously describedhé¢ presence oNBcells in theBM is a predictor of poor
outcome(Monclairet al,, 200, Vipreyet al,, 2014)and one of the major challenges
for cure. Over 70% of metastatic disease presents in the(BiBoiset al, 1999)
where it is thought to contribute to disease progression and relapseelifmenation

of these cells is one of the greatest chaties for cure of some children.
1.2.1 Detection

BM samples are taken to determine the extent of NB; trephines and aspirates are
analysed for the presence of NB cells. For a BM aspiration a thin holloglenise
used to remove a sample of liquid BM whislsmeared onto slides for analysis. A
BM trephine involves removing a small piece of bone &M using a needle,
retaining the structure of theBM inside. The INRG recommends evaluation in 2
aspirates andrephines from bilateral sides. Evaluation using cytology of aspirates
and histology of trephines remainslig standard in clinical practdut offers limited

sensitivity when NB infiltration is below 1q@heunget al., 1997)

High sensitivityor NB cell detectionvithin the BM is important for tumour staging
and for monitoring the therapeutic response of a patighierefore a highly reliable
detection method is needed. Low sensitivity may lead to underestimatib BM
involvement. Both immunocytology andeverse transcriptase quantitative
polymerase chain reactio(RTqPCRoffer improvements of both sensitivity and
specificity in detecting NB cells within BM aspirates allowing detection of a single NB
cell in Imillion normal cell{Beiskeet al., 2009) Results from both methodologies

are predictive of outcomgencouraging their implementation within clinical practice

(Mosset al, 1991, Seegest al,, 2000, Vipregt al,, 2014)
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For detection of NB cells using immunocytology it is recommended to stain tor GD
Although rare, some NB cells do not express G&humacheKuckelkornet al,,
2017) so a secondary stain for other NB markers sashneuronal cell adhesion
molecule (NCAM)r PHOX2B are advis@domadeet al., 1998, Mehe®t al,, 2001)

The expression of PHOX2B in NB can also be exploietect NB cells within the
BM using RTqPQNipreyet al, 2014) In addition to PHOX2Bhe expression of
tyrosine hydroxylaseTH may be quantified, these 2 NB markers are analysed
against the reference geri  Hmicroglobulin( M) (Vipreyet al., 2007, Stutterheim

et al,, 2008, Vipreyet al, 2014) There are additional methods that allow detection
of NB cells within the BM including flow cytometry, but the neediigh cdl number

makes implementation iklinic difficult(Komadeet al., 1998, Swertst al, 2004)
1.2.2 Biology

In order to eradicate B from the BM the biology of these interactions must be
understood. BM metastas nearly always confera poor prognosis in cancer
(Weilbaechert al,, 2011)and it is clear the interactions between tumour cells and

the BM microenvironment play a role in the survival of these cells.

The mechanisms of metastasis to the BM are yet to be completely understood,
however specific pathways thought to be invedvhave been identified. NB cells use
blood vessels to access circulation, and can be detected in peripheral {(#&)d
(Burchillet al,, 1994) The high incidence &M metastasis is thought to be a result
2T Al0&a WFSNIAESQ SYO@ANRYYSY(OdT AyOf dzRAY 3
tumour cells. Thénoming of NB cells to the BMay beassisted by expression of C
X-C chemokine receptor type 4 (CXCR#thugh complex interactions with stromal
derived factorl (SDH) (Geminderet al,, 2001, Soharat al., 2005) The invasion of

NB cells into the BM is through an osteoclastic pro¢elsDuonget al,, 2015) The
bone is a dynamic tissue, constantly remodelling to maintain integrity;
haematopoietic derived osteoclastgabsorb bone whilst mesenchymal derived
osteoblasts replace boneOsteolytic processe are activated by production of
receptor activator of nuclear factor kappg f A(BANKLR by both NB cells and
activatedosteoclastsand further fuelled by increased interleuké(IL-6) release by

mesenchymal stem cells (MS@)response to NB cell presenaraet al., 2009,
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Rastoget al,, 2015) This causes bone degradation allowing invasion of NB cells and
releases growth factors to stimulate tumour proliferatiqra et al., 2009)
Additional to increased proliferation within the Béhe NB cells continue to utilise
the microenvironment to thriveregulating other processing including angiogenesis.
Matrix metallopeptidase 9 (MMB) exression recruits BM cells to the tumour

where they contribute to angiogenegidodeleet al., 2005)

The changes to the BM manifest clinically causing leukopenia acytdpenia, as
the normal haematopoiesis isigpressed by NB cellRastoget al., 2015) Net bone

loss is also observed e NB cells activate resident osteocla@sharaet al., 2005)

Although the presence of NB cells in the BM is statistically significant there is little
information about the genotype of disseminated NB cells. Gaining knowledge on
these cells is hindered by the varying infiltration levels which is usually below 30% at
diagrosis(Abbasket al., 2015) There are currently few studies in which the genotype

of NB cells isolated from the BM has been investigékéodrandiet al., 2012, Scaruffi

et a., 2012, Vandewoestynet al,, 2012, Abbast al, 2015) However from current
observations genetic aberrations present in the primary tumour have been detected
(Vandewoestyneet al, 2012) good genomic resolidn has allowed detection of
minor deletions(Abbasiet al,, 2015) and gene profiling has informed upregulated
pathways(Morandiet al, 2012, Scarufiet al., 2012) Fromcomparisons between
primary tumour and BM derived cellsipregulation of genes involved immune
response including interferon (IFNgnd histocompatibility antigerhave been
detected(Morandiet al, 2012, Scarufit al., 2012) These results give insight into
how the NB cells evade the host immune response and highlight potential pathways
to treat either to return normal physiological BM environment, preventing NB

support, or to directly target NB cells.

1.3 Circulatng biomarkers

Biomarkers are ways of quantifying biological processes, pathogenesis, responses to
therapy and characteristics that inform biological processes. There are a large variety
of biomarkers including biological material such as circulating tungeils, miRNA

and enzymes that can be detected and measured in the circulatibtopdb
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excretions, urine, saliva antissue samples such aM or tumour biopsies.
Measurements gained from imaging are also a type of biomarker such as images
from MIBG scansised in NB(Lessig, 2009)A biomarker may be a collection of
changes to form a signature such as gene expression, translocations or proteomics.
The large range of biomarkemeans analysis is varied and must be adaptesluit

the type of biomarker.

Biomarkers are screened for in two different waytbrough knowledgebased
experiments which use current knowledge of the biology of the disease to identify
candidates or through nbiased experiments, using high throughput screening to
find potential biomarkergHenry and Hayes, 201X nowledgebased approachs
such as systems biology, usxperiments that integrate information such as
molecular pathwaygPageet al, 2013) Unbiased experiments test thoasds of
targets in high througput data analysis to identify potential biomarkeesd

signatures to be evaluated.
1.3.1 Clinical gplications

Biomarkers have been used in a clinical setting to inform areas such as risk of disease
diagnosis, prognosis, predictiopand in monitoring both toxicity and response to
therapy. Biomarkers to inform risk of disease are usually genetic mutations that are
passed through the germline to the patient and can be identified by methods such
as geetic profiling. Thébreast cancer susceptibility gen&¢BRCA1and 2(BRCAZ2)
3SySa AYyONBFraS || LISNE2yQa OKIFIyOS 2F o0NB
(Hernande=zt al, 2014) BRCA1 and BRC&2 TSG inveéd in maintaining genomic
integrity (Welcsh and King, 200Yutations in BRCA mean the DNA is not repaired
and mutations accumulate leading to cancer development. TheABjDes are
identified by genetic testing of a blood sample. The risk assessment biomarkers allow
patients to make informed decisions about preventative measures such as having a
mastectomy ad oophorectomy if they are BRQgositive. A subset of these
biomarkers are screening biomarkers which are used for early detection which

means lower morbidity.

Diagnostic biomarkers are used to determine whether the patient has a disease, as

the levels of a diagnostic biomarker will be different to that of a healtllwidual.
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The increased levels of urinary catecholamines in suspected NB patieniset to

diagnose the disease.

Prognostic and predictive biomarkers provide information on patient outcome.
Prognostic biomarkers give information on the likely coursheftlisease regardless

of treatment, whereas predictive biomarkers indicate the chance of response or
resistance to a specific therapy, allowing the best therapies to be selected. The
presence of metastatic disease for example is a prognostic biomarkendory
cancers as the spreading of cancer around the body usually means outcome is poor,
localised disease indicates a better prognosis. The presence of the translocation
found in the Philadelphia chromosome formibgeakpoint cluster region protein
Abelsan murineleukaemiaviral oncogene homolog 1 fusigBCRABL) is used as a
predictive biomarker in chronic myeloid leukaemia for treatment with imatinib
(Yeung and Hughes, 201®natinib is a tyrosine kinase intitni and BCRABLgives

a constitutively active tyrosine kinase and therefore presend@@RABLpredicts a

good response to imatinib. Another example of a predictive biomarker would be the
presence ohuman epidermal growth factor receptorBEER20n breast cancer cd$

to inform their response to trastuzumala HER2 specific antibod®ajria and
Chandarlapaty, 2011)

Biomarkers used for monitoring disease response are measured regulaggéssa
either toxicity levels in response to a drug or therapy to ensure the patient is not in
danger of a serious adverse response or to assess the effdbeodrug on the
disease, to determindiow effective the treatment is. Prostate specific antigens
levels can be used to indicate response to therapy as they reflect the level of disease

in patients with prostate canc€Makarovet al,, 2009)

Biomarkers can also be used as surrogate end points. End points are used to
characterise how the patient (in a clinical trial) feels or survi@&smbu and Tavel,
2010)the goal being to detect improved survival. Biomarkers offer an indication of
the treatmert effectiveness and safety earlier than the end point of event free
survivalEFSand hence the term, surrogate end point. Using biomarkers in this way
may allow for quicker drug approval, lowering costs of trials and lend to making
decisions about new #rapies earlie(Alan D. Smith, 2014, Smighal., 2014)
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1.3.2 Therapeuticexploitation

Biomarkers can provide information on pathogenesis of disease and thizeazsed

to create new targeted therapies. These may be therapies targeting the biomarker
themselves or against a target identified as a result of pathway knowledge gained
from biomarker discovery. Biomarkers that can be targeted directly by a therapy are

known as druggable biomarke(Salettaet al., 2014).

Targeting biomarkers can be difficult as they are often present around the whole
body and on normal cells and fluids, therefore specific targeting could expose the
patient to high levels of toxicity. This can occur in NB as GD2, a biomarker for NB
cells is also present on peripheral nerve cglBrodeuret al, 2014) This is why
diseasespecific biomarkers are very appealing as therapeutic targets. Prostate
specificantigens can be classed as both monitoring and druggable biomarkers and
are also an example of diseaspecific biomar&rs. Cancer vaccines and monoclonal
antibodies have been developed to target the prostate cancer cells by targeting PSA
(Makarovet al, 2009)¢ KS @I OOAy Sa LINAYS GKS K2adQa
the prostate cancer cells, eradicating the disease.

1.3.3 Personalised radicine

t SNE2YIFf AASR YSRAOAYS dzaSa oA2YIFNJ SNE {2
specific disease. For example matient with NB that presents withMYCN
amplification andALKamplification could be given a course of chemotherapy
including a panel of drugs tailored to each of these biomarkers. This is possible due
to an understanding of the treatmef® effect mechani®m and how the biomarker
contributes to the disease progression. The most applicable biomarkers for
personalised (stratified) medicine are predictive and therapeutic biomarkers.
Predictive biomarkers allow identification of therapies the patient will respoell

to. Together with herapeutic biomarkers these can be used to optimise drug

efficiency and reduce toxicity.
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1.4 microRNA

microRNAiiRNA are single stranded RNA21-25 nucleotides long that originate
from hairpin shaped precursofgmbroset al., 2009) Their role within the cell is to
regulate levels and translation of mRNAsth over 60% of human protein coding
genes being controlled by miRNMssteller, 2011)Lineaget (lin4) was the first
MiRNA to be describeafter genetic screening in nematodes it was shown to have
a regulatory role in early developmefiteeet al., 1993, Wahicet al., 2010) In 2000
let-7 was the seond miRNA to be described amndas observed to regulate late
development process iG@aenorhabditis elegar{&®einhartet al., 2000). Advances in
hightthroughput technologies and bioinformatics processing has enhanced miRNA
research, currently there are 749 human miRNAs deribed on miRBase
(www.mirbase.or{. There is much interest in miRNAs in the field of oncology as they
have $iown promise asgood prognostic and predictive biomarkers as well as

therapeutic targetqDi Leveet al,, 2014)

Nomenclature of miRNAs is important as miRNAs synthesised from the same
transcript can have different downstream targets and the same miRNA sequence can
occur at multiple locwithin the genome(Ambroset al., 2009) Recommendations
guide the naming of miRNAs, except idstorical miRNAs lid and let7 (Ambroset

al., 2003) The first three letters of the miRNA identify the speciesa forHomo
sapiensand mus for Mus musculusMany miRNAs are evolutionarily conserved
(LagosQuintanaet al., 2001) making it useful to give orthologs the same reference
number and to ensure unrelated sequences mat have the same number. The
number of the miRNA is given consecutively unless the sequence is similar to or
identical toa previously identifiedniRNA. In the case of a similar miRNA sequence
differing by 1 or 2 nucleotideghe same number is given bfdllowed by a, bX .y
When a miRNA is discovered with the same sequence it is given the same number
followed by-1,-2 X -n as shown in Figure.4, C.Eachhairpin precursogives rise to

two miRNAsone of which is degradethg passenger sand) and theother binds to

an agonaute protein (Ago) to become a functioning miRNM rare cases both
strands are loaded to Ago and become functioning miR{KAgoroveet al,, 2003)

The less abundant or passengeiRNA wainitially given a * to denote thigFigure
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1.4, B). However this proves difficult when searching for miRNAs in databaséis
not a recognisedearchterm. To overcome this the different miRNAs are referred to
as-3p and-5p dependant on which arm of the hairpin precursor they derive from as
illustrated in Figure &, A.

A O B

Predominantly expressed

ey o
s 4 S miR-X
£ 2 ~
o ( 4y 5’
) -< g
= ~
P[5 e
AN w Less abundant product
miR-X*
5 3
C —
miR-X-1
—
miR-X-2 |

Figurel.4 Nomenclature of miRNAs

A, Mature mRNA can be processed from both arms of themiBNA, the arm

the miRNA has been processed from is identified by eitbetd A ¥ FNRB Y
armor-p LI A F  F NP YThér&kiSusually onle &dv df the pneiRNA that

is predominantly expressed as theature miRNA. The most abundant form
has no asterix, the least abundant form is followed by an asterix*. However this
nomenclature can be unhelpful as searching for * in databases suniRiase

is not possible so a preference t@p or-5p denotation iemerging. CMature
miRNAs with the same sequence but differing gene leefa@lowed with-1, -

2,-3 etc

1.4.1 Synthesis

MiRNAs are transcribed within the nucleus, modified in the cytoplasich can then
act within the cell oif packaged in vesicles andpexted affecting distal site@Vahid
et al, 2010) miRNA coding regions can be positiom¢dlifferent places within the
genome either intergenic, intronic or ronic (Figurel.5). The majority of miRNAs
are intergenic and are positioned in naoding regions of the genome,

approximately 50% are clustered and processed as aqgistiyonic primary transcript

l.:.l
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(Wahidet al., 2010) miRNAs positioned within coding regions are intronic or exonic,

positioned within intronsr exons respectively (Figureb).

—>
miRNA Intergenic
—>
miRNA H miRNA ————— Clustered Intergenic
—>
Exon H miRNA | Exon Intronic
—>
Exon H miRNA H miRNA H Exon —— Intronic Clustered
—>
Exon miRNA Exon Exonic

Figure 15 The postioning of miRNA transcripts on the genome

MiRNA genes can be intergenic, positioned in -noding regions of the
genome. Intergenic miRNAs are most commonly clustered and therefore
expressed as polgistronic primary transcripts. Some miRNA are alond an
transcribed as monaistronic primary transcript. miRNAs can be mono or
clustered within coding and necoding transcription units also. They can
exonic, fall in an exon of a gene or intronic, coded in the intron of a gene. Exonic
intragenic miRNAs ardsa referred to as mirtronic

Intronic miRM\s are thought to be processed alongsitteeir host intron and
therefore share common expression patterfi@gamalinganet al,, 2014) however it

has been demonstrated that intronic miRNA expression can occur independently of
the host gene promote(Monteyset al, 2010) There is little know about exonic
MiRNA processing, for the purpose of this review the synthesis of miRNA, Eijure

will be explained using an intgenic single niRNA transcript.

Most miRNAs are transcribed BRNA polymerase Il (RNA Poldlymall population

possessing Alu repeats are able to be transcribed by RNA polymerase 111 (RNA Pol IiI).
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¢tKS GNIYyaONRLII Aa LINRPOSaaSR pahda2polyA ooyl
tail known as the primary miRNA (miRNA). Drosha, a classl@®nuclease RNasg

Il enzyme, and its eenzyme DiGeorge syndrome critical region in gene 8 (DGCRS8)

are together known as the microprocessanaplex, cleaving theri-miRNA. [ECR8

binds to the sgle strandedRNA flanking segment of the prniiRNA, guiding Drosha

to cleave approximately 1hase pairsfp) F NB Y GKS &GSy f22L) 224
OFLI YR GKS Lkfte ! GlFAft f SIMBRNAPpEMRNAY (I 00
(Wahidet al., 2010) The 6670 nt hairpin premiRNA can be recognised by exportin

5 (EXP5), a Rguanosine triphosphatedTH-dependant nuclear transport receptor

(Lundet al., 2004) EXPS5 in the presence of Ran guanosine triphosphate exports the
pre-miRNA from the nucleus into the cytoplasm of the cell thgl nuclear pore
complexesltishypdl KS&A &SR GKIFG GKS 9-tp ARSYGATA
Drosha cleavage and binds. The-ptdRNA is released into the cytoplasm as the GTP
cofactor is hydrolyseflLundet al., 2004) PremiRNA is then clead in the cytoplasm

at the terminal loop bylicer and tans activating response protein (TRBP) to give the

PQ YR o0Q VYdiceyls!an RNaselllyeRzin®e that is extremely specific
cutting 22nt from the terminus of the preiRNA. The cofactor prote kinase
interferon-inducible double strande@®@NAdependant activator and Ago have been

shown to be needed fadicer function in cell§Koscianskat al, 20110 9 A i KSNJ (i K
2 NJ @ can ibiNd to Agdorming the miRNA RNA silencing induced complex
(miRISC) this is determined by the thermo dynamic stability of the ends of each
miRNA(Khvorovaet al, 2003)p ¢ KS A GN} YR gAGK GKS f Saa
to be bound to Ago. The other strand, known as the passengandtrs released

from the Ago, tcer, and TRBP complex and degraded. Thosqgss is illustrated in

Figure 16.
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Nucleus

T 9
> G

Figure 16 miRNA synthesis schematic

The miRNA is transcribed by RNA polymerase Il (RNA Pol Il). The capped and
polyadenylated hairpin structure produced is the-priRNA ands several
kilobases long, characterised by a stem loop structure. TheniitNA is
cleaved by nuclear Drosha/DGCR83eorgecritical region 8) heterodimer at

the stem releasing the prmiRNA. Exportin 5 (EXPS5) in the presence of
cofactor RarGTP exportpre-miRNA into the cytoplasm. Dicer am&Bmind

to the premiRNA and cleave at the terminal loop releasing the miRNA
duplexes. The passenger strand of miRNA is degraded and the guide strand
remains bound to Ago as mature miRNA.

In 2009 it was shown thahe miRNA maturation mechanism (Figurd) thought to

be universal to all mMiIRNAs includes specific maturation steps that occur in individual
mMiRNAs(Winter et al, 2009) There are also alternative synthesis pathways for
mMiRNAs such as the mirtron pathway which is not dependant on DroshénamiR

451 pathway which isider independent(Zhiet al, 2014) It is also known that
biogenesis of specific mMiIRNAs can be regulated such-28 Bmd let7. Lin28 is a

stem cell specific regulator of l&t and blocks the microprocessor cleavage of7let

pri-miRNA(Winter et al., 2009, Molenaaet al., 2012)
1.4.2 Function

For the miRNA to be functional it needs to form the miRIS@r Aihding to Ago
during thedicer cleavingthe miRNA is stabilisedoiFmost miRNAs the Ago protein

it binds to is AgoZWinter et al., 2009) this complex forms the core of the miRISC.
The full composition of miRISC is not known but other members of the Ago family
are thought to bind along with other cofactors to create active miRISC. The miRNAs

then guide the miRISC cqhex to the target mMRNA and down regulate the gene
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expressionmiRNAscontrol ahuge range of processes including cell proliferation,
cell death, metabolism and differentiatiaiirough post transcriptional control of
gene expressiorOne miRNA can have matarget mMRNAs and one mRNA can be
targeted by several different miRNA®ming a complex miRNAWRNA interaction
network. miRNAsinhibit expression oftargeting specific mRNAs in two ways,
through translational repression or mRNA degradation initiatiore fit@chanism is

determined by the complementarity of the miRNA to the target mRNA

azald YAwb! & LJaasaauntaslstéivegion (UBBAsDBedpairk y U K
with mismatches to the mRNAndothers bind with full complementaritijWahidet

al, 2010) When the miRNA binds with high complementary to the mRNA
degradation is initiated. The evidence for mRNA degradation by miRNA is the
decrease in levels of target mMRNA as the levels of miRNA incrédgetzinger and
lzaurralde, 2011)There are differentnodels for how this degradation of mMRNA

occurs, oneprominent hypothesis stateghat deadenylation of the mRNA is
AYLRNIFYG G2 AYAGAFGS (EUGliog D, 2009 If ithe@e Y wb !
issome mismatch in the pairing of the miRNA to the target mMRNA then translational
repression occurs. Similarly to mRNA degradation there are several models for
translational repression. Normally tleeikaryotic initiation factor 4kelF4Fcomplex
recognisedi KS pQ O LJ 2F GKS YSribosomal syitiRnitkodiodmS Yo S
the pre-initiation complex, elongation theaccurs after the joining of 6% osomal

subunit (Cooper, 2000)Both the initiation and elongation steps of translation are
thought to be repressed bihe presence omiRISEWahidet al., 2010) Tre miRISC
competes with the elF4F 2 NJ 4G KS pQ OF L) 0AYRAY3I aA0GS |
with the pre initiation complex, both lead to repression of initiation. Early ribosomal
dissociation is @aroposed model thateadsto prevention of elongatiorfPeterseret

al., 2006) It is unclear as to which pathway is dominant and there is still much
debate.The disruption of miRNA regulation through depleted or increased levels of

miRNA has been shown to contribute to disease.

mMiRNAs have more recently been shown to have upregulatory effects on their
targets through relief of repressiofvasudevaret al, 2007) further adding to the
complexity of the miRNA regulatory network. miRNA-369 an example of miRNA
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upregulatory effects. The seed sequence of 13@?3 lies within thetumour

necrosis factor alphalfNF4) AU-rich elements, which are areas that regulate mMRNA
stability, through bindinghere TNF SELINBSa&aA 2y A& | OGADI G§SR«
seenin vivo under serum starved conditions to slow proliferation of cells. It is
thought that miRNAs oscitia between repression and activation dependant on

stimuli and cell cycle.
1.4.3 Role withincancer

Some miRNAsre oncogenic (oncomiRgnhancing cancer phenotypes such as
increa®d proliferative anddrug resistanc€Hatg et al,, 2015) ConverselymiRNAs
with tumour suppressingroperties have also been describedth the ability to
decrease praumour mechanisms such as migration and angioger{éstisoff et al.,,
2015) These acomiRsand tumour suppressive miRNAs providgher information

and understanding to chayes occurring within cancer

Regulation ofmiRNA expressiors not fully describedmiRNA expression can be
controlled by transcription factors and other miRNAs gsponse to stimuli
(MacFarlane and Murphy, 20}, 10% of regulation is thought to be a result of DNA
methylation (Hanet al., 2007) Aberrant expressionf genes in carer can lead to
changes in levels of downstream targeted miRNAs, such as the upregulation of
MYCN In NBMYCNis upregulated in 22% of cases and has been linked to the
upregulation of 7 miRNASchulteet al., 2008, DomingeFernandezt al,, 2013) Of

these mMIRNAs miR221 expression was induced mWYCN in vitroand

overexpression is linked to other cancers.

1.5 miRNAIn NB

MiRNAs are extremely important in development and therefore miRNAs are likely to
play a role ifNB. One of the first miRN#ofiling studies irlNB identified a signature

of 32differentially expressed miRNAS, including 8 (Chen and Stallings, 2007b)
mMiR-184 overexpression is shown to induce the apoptosis of NB (&tisn and
Stallings2007). miR184 is a repressed downstream target of MYCN overexpression
in vitro has been shown to inhibit the growth and induce apoptosis of NB cells

through decreasing levels of AK{Rbleyet al, 2010) The sudy alsoidentified a
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substantial difference of miRNA expressiotMiifCNamplified NB patients that are

at a higher risk with a poorer prognosithese miRNAs are important as thegn
identify altered pathways that coulde increasinghe aggressive phatype. Several
other studies have also observed this change in miRNA expression bebiEN
amplified and noramplified samplegSchulteet al, 2008, Schulteet al., 2010.
Within these signatures there are miRdAhat are targets oMYCN but more
interestingly there are miRNAs that are linked with increab®dCNsignallingbut

not direct downstream targets of the ger{ghiet al., 2014) Alongside the obvious
therapeutic benefit ofHRNB specific miRNAs, groups have also identified miRNA
signatures hat are highly expressed in lemsk NBs creating the ptential for
prognostic and predictive applications allowing for better treatment selection for
patients (De Preteret al, 2011) Currently there are low survival rates for children
with NB that haveMYCNamplifiaation, these miRNAs can provide therapeutic

options for nonresponsiveMY CNNB.
1.5.1 Therapeutic exploitation of miRNA NB

Research into miRNAs has grown rapidly since 1993 and it is clear that miRNAs are
differentially expressed between normal and KBanget al., 2003, Murrayet al,,
2015)but there are currently no miRNA treatments or stratifications approved for
routine clinical use. It is well characterised that miRNAs can serve as biomarkers in
cancer aidingdiagnosis, stagin@nd predicting response to treatment, particularly
enhanced by tissuspecific signatures of miRNAs. Tumour biopsy samples or more
excitingly circulating cells or cdllee miRNAs can be profileavith potential for a
range of clinical pplications. Cuently most biomarker studies havéeen
retrospective and not further validated within independent cohgrnsospective
studies are needed to evaluate miRNA biomarker signatwesth in a clinical
setting. Exploiting miRNAs for therapaustrategies is a large research area, using
mimetics to reinstate tumour suppressing miRNAs and the associated pathovays
knockdown strategies to target oncomiRs both offer therapeutic benefits. It has
been shown in severain vivo studies that miRNA mretics can alter the

characteristics of cancer cell lines, similarly inhibitors of oncomiRs reduces
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aggressive phenotypes such as migration and prolifergtitsuet al,, 2014, Althoff
et al, 2015)

Within the fidd of NB miRNAs can serve as good biomarkers both for diagnosis and
staging of NBBienertovaVaskuet al., 2013) As mentioned above, many studies
have identified miRNA panels that aréferentially expressed in different subtypes,
such asv'YCNamplified and between risk groug€hen and Stallings, 2007c, Beay

al., 2009, Bienertov&/askuet al., 2013) miRNAs have the advantage over mRNAs
of being much more stable biomarkers. Packaging into exosomes;deigsity
lipoproteins or association with Ago proteins, protects miRNAs against processing
by ribonucleases. After extraction it has been shown that miRNAs remain stable for
up to 12 months whn stored at70degree<Celsiug°Q (Survinouet al,, 2013) The
heterogenaty within NB is a major obstacle fowiomarkerdiscover a biomarker
must overcome thisheterogeneity within samples and be specific, sensitive and

preferable noninvasive.

Further application of miRNA biomarkers itt NB could be to assess response and
predict or detect relapse by detecting circulating tumour cells. BM metastasis are
present in 50% of children with NB and these cells are more aggressive and drug
resistant (Meads et al, 2008) These infiltrating cells could be detected in BM
aspirates using a NB panel of miRNAs, however BM aspirates are a very invasive
procedure(Chuet al., 2011) A solution to this could be to use secreted signatures
specific to aggressive BM metastatic cells, detectable from a blood sample, a much
less invasive procedure. This strategy would exploitaibiéity of NB cells to secrete
mMiRNAs into the microenvironment in vesicles such as exosomes. There is only one
published study investigating the BM infiltrating NB cell miRNA profile, the results
suggest differential expression of 160 miRNAs in the niatiascells compared with

tumour (Stiglianiet al., 2015)

As discussed aboyie miRNA profile of NB infiltrating cells could be used to detect
relapse or even metastasis that is not detected through cytologMiiBG scans.
Further knowledge can be gained about the differences in metastatic BM cells from
tumour by profiling the miRNA of these BM infiltrating NB cells. Through this,

identification of miIRNAs dysregulated in aggressive NB is possible and will théorm
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mechanisms propagating the metastasis and support of BM infiltrate NB cells. Of the
160 miRNAs differentially expressed further analysis and criteria were applied to

identify miR659-3p as a key biological miRN@&tiglianiet al., 2015)

Exploitation of RNAdo treat NB can be achieved by one of two strategiefRkNAs
canbe targeted for degradation to prevent them from aiding the cancer growth
mimetics can be administered to return depleted miRNA letelsiormal for a
therapeutic benefitA combination of miRNA argimall interfering $)RNA therapy
has been useth vivoto treat ovarian cancer cell lines. Reduction in tumour growth
was seen after siRNiediated silencing of the oncogemphrin typeA reeptor 2
(EPH\2), this was enhiaced when an miRNA targeting EHwvas also administered
(Nishimuraet al., 2013) This study shows the benefit of RNA therapy for inclusion

in a multi model strategy, by boosting existing dri@gsi-tumour effects.

Currentl there is just one miRNA drug to have reachkaical trial, MRX34, a mimic

of the tumour suppressor miB4 whichaffects multiple oncogenic gaways(Bader,
2012) MRX34 is produced by Mirna, the mimic is encapsulated in a liposomal
nanoparticle delivered tlough injection.The drug was entered intoin a phasel
(NCT01829971) clral trial recruitingpatients with melanoma, lymphoma, multiple
myeloma, liver and lung cancer who have end stage diséaSzptember 201,8his

trial was halted due to multiple imunerelated serious adverse events, three of
these resulting in deati{Beget al, 2017) In the report for the phase | study
preliminary results show partial response in patientghwenal cell carcinoma,
melanana and hepatocellular carcinomH. adverse side effects can be corrected
then miRNA therapies are achievable and have a benefit for patients with cancer.
Within NB miR34 has been identified as a potent tumour suppressor, with
upregulation decreasing tunuw growth (Welchet al., 2007b, Tivnaet al,, 2011, De
Antonelliset al, 2014) Mirna also have mimetics for mRL5, miR101, miR16 and

let-7 in the pipelineTo get a functioning miIRNA mimetic into cancersa@uires
several challenges to be overcomfdthough there are many obstacles to overcome
for miRNAs to become routinely used as biomarkers and therapeutic strategies
within clinics miRNAs shoWwuge potential and with further screening and validation

could have a great impact on patient survival.
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1.6 Hypothesis and aims

The hypothesis of my thesis is that miRNAs are drivers of theresadfving
metastatic disease @M in children withHR NBand may be useful biomarkers to
improve stratification of cidren for more personalised adaptive treatment
exploiting miRNAs or the pathways that they regulate as targets for the development

of more effective kinder treatment to improve outcomes.
To test my hypothesis | have:

1. Isolated and characteriseNB cells fom BM aspirates of children withHR
disease (Chapter 2).

2. Examined the miRNA expression profileNd cells isolated from théM to
investigate their heterogeneity and identify candidate driver pathways of
selfrenewal, migration andurvival(Chapter 3).

3. Examined the expression of miRNA®IN aspirates, blood and exosomes to
reveal candidate miRNAs that may be used as minimally invasive tools to

predict patient response and outcome (Chapter 4).
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Chapter 2Isolation and characterisation dBcells fromBM aspirates

2.1 Introduction

NBcells metastasise to thBM in 50% of patients with HR disease. Those with the
highest levels of infiltration have reduced surviiMdipreyet al,, 2014, Corriast al,,
2018) These BM infiltrahg cells are hard to treat as they present with aggressive
phenotypes and efficient delivery of chemotherapeutics into the BM is difficult, the
BM is also a common site of relap@datthay et al, 1993, Seegeet a., 2000)
Isolating and characterising these cells is therefmigical to identify the drivers of
this drugresistantmetastatic disease so that targets for the development of more
effective treatment can be identified tceliminate BM disease, witthe goal of

improving survival for children with HR NB.

The NB cells were first isolated from the normal BM cells of the microenvironment

and propagated to allow larger cell numbers for multiple methods of
characterisation, including studying the phenotypélwse cells. Magnetic activated

OStt a2NIlAy3a o6a!/ {nv GSOKyz2f23& KIlIa 0SSy
cell populations for specific cell types by positive or negative selection of cells
exploiting celsurface antigens. Using this approach fositive selection of cells, a
magnetic field is used to bind antigen expressing cells allowing separation from
negative cells which can be washed from the column (as depicted in RAQ)reA

stable cellsurface antigen is the most useful marker to ehrifor specific dé
populations as this allow®f isolation of NB cells G@xpression was used in this

study.

Whilst GD is a cell surface disialoganglioside expressed in tumours of
neuroectodermal origin such as NB and melandMajoo et al., 1987, Tsuchidat

al., 1987) it is also expressed by some normal cells including neurons, skin
melanocytes and peripheral pain fibre§fLammie et al, 1993) Importantly,
expression of GLhas also been reportefSCghat reside within the BMMartinez

et al,, 2007, De Giorgit al,, 2011)
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In these studies the culture conditis have been optimised to propagate NB cells,
however it was important to characterise the giositive cells to confirm they were
indeed NB. Using immunocytology, cells were examined to confirm expression of
GD and for expression of additional NB margdrH, PHOX2B andstin (Burchillet

al,, 1994, Thomaet al., 2004)TH is the rate limiting enzymier catecholamine
biosynthesis(Daubneret al, 2011) a feature of NB cells which is exploited for
diagnosis by the detection of catecholamine metabolites in ufireiget al., 1978)
PHOX2Bncodes a homeodomain transcription factor that promotes cell cycle exit
and drives the differentiation of neural crest precursors to sympathetic omesir
along with PHOX2£Cheung and Dyer, 2013oth TH and PHOX2B mRNAs have
been used to quantifynfiltration of NB cells in the BNBurchillet al., 1994, Trager

et al, 2003) Nestinis an intermediate filament protein expressed by neural
progenitor cells and several malignanc{dkeradil and Veselska, 2015 NB nestin
expression is thought to be a marker of stdike cancer cells, correlating to high
MYCN expression and playing a role in tumorigern{@sismast al., 2004, Meet al,,
2014)

Where it was possible to propagate NB cells, their migration aneresediwal from

a single cell was examined. These are putative phenotypes of aggressive cancer cells
which descibe the selfrenewing drug resistant cells disseminated within the BM.
Selfrenewal from a single cell was assessed both in suspension in media and within

semisolid agar.
The aimsn this chapter were

1. Toisolate anghropagateNB cells from BM aspirates difildren withHRNB
2. To characterise the GIpositive fraction of BM cells

3. To assess migration and sedihewal properties of NB cells
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2.2 Materials and methods

2.2.1 Cell line culture

Cell lines were routinely maintained in culture by Ms Louise Jeaffekés Kimberley
Casswhen 80% confluency was reached cells were trypsinised and split at a ratio of
1:5 as described i8.2.5.1 Thecell lines listed inMrable 2.lwere used throughout

this thesis as controls or references.

Table 2.1Positive cell lines used for studies.

Characteristics of control cell lines used. Details ofsinerce origin, cell type
YR YSRALI ¥ 2 NJRsswélRark Mefdrial Basita(®&M) 1540
Dulbecco'sModified Eagle'’§DMEM and Minimum Essentia. = 9 | MEM)Q &
mediaand glutamine wereourced from Sigm@Missouri, USANon-essential
amino-acids(NEAA) and sodium pyruvate were sourced from Thermo Fisher

09

(Paisley, UK! £ £ OSft tAySa INB 2F KdzYly 2NR3

Cancer nistitute Australia (CCIA) were kindly donated by Professor Michelle
Haber. Cells sourced from the University of Newcastle (UoN) were kindly

donated by Dr Chris Redfern. Cells sourced from the University of Leeds (UoL),

Lab 1 were kindly donated by Professilaggie KnowlesATTC denotes
American Type Tissue Collecti&CS represents foetal calf seruniM denotes
millimolarand nM denotes nanomolar

Cell Line| Source Origin Cell Type Media
2 year old, NB,MYCN DMEM +10% FCSH
BE(2)C CCIA
male amplified 2mM glutamine
D-MEM (high

Subline HEK293;
| glucose), 10% FCY
Human embryonic

HEK 0.1% nMNEAA,
UoL, Lab § unknown kidney cellswith
293FT _ 6mM glutamine,
adenovirus type 5
1mM MEM sodium
DNA
pyruvate
50% DMEM50%
13 month RPMI 1640 + 10%
IMR-32 ATIC NBMYCNamplified
old, male FCS + 2mM

glutamine
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RPMI1640+ 10%
14 year old, Acute T Cell
Jurkat | UoL, Lalb FCS+ 2mM
male Leukaemia '
glutamine
RPMI1640+ 10%
1 year old, NB,MYCN
Kelly CCIA FCS+ 2mM
female amplified _
glutamine

4 yearold, | NB,thrice-cloned | DMEM +10% FCSH
SHSY5Y| UoN
female subline of SKN-SH| 2mM glutamine

96 Ay 3IQ4&, | DMEM F12 + 10%
14 year old,

SKN-MC ATIC EWSFLI1 Type 1 FCS$ 2mM
female _ _
translocation glutamine

50% DMEM, 50%
4 yearold, NB Non-MYCN
SKN-SH ATIC EMEM +10%FCS +
female amplified
2mM glutamine

aOl 28 Qa |
15 year old,

U-2 OS ATTC Osteosarcoma FCS + 2M
female _
glutamine

2.2.2 Clinical samples

Upon suspected diagnosis of NBY aspirates (Imillilitre (ml)) were taken from
children in the UK and Ireland. Aspirates wamsported from UK centre$or the
isolation of NB cellsgt room temperature in 12ml of Leedmtibiotic Media (LAM,;
RPMI1640 mediawith 2mM glutamine, 100 unit§U) penicillin (Sigma) 0.1mg/ml
streptomycin(Sigmajpnd 10% foetal calf serum (FCS, Labtmternational Ltd, East
Sussex, UK). Adhildren with HR disease were treated in-NBL:1.0/SIOPEN, HR
NBL1.5/SIOPEN diRNBL:1.7/SIOPEN (recruitment from 11.10.2632.06.2017)
ethical approval number 01/04/08@nd clinical trial number NCT017047.1After
confirmation of NB diagnosis samples were propagated windoemed consenhad

been given; for HR patients this was consent through the trial ethics and for other
NB patients consent was given throughth&K A t RNBy Qa /I yOSNJ | yR
(CCD) tissuebank, withMedical Research and Ethics CommitteHREE approval.



-43-

Once received in the laboratory all samples were recorded teacked usinghe
sample management software Achiever (Achiever Laboratory Management

Software, Interactive Softwardd, Birmingham, UK).

Within the duration of the tdl BM aspirates were taken at additional time points
throughout the trialas shown irFigure 2.1upon receipt of BM aspirate samples,

GDypositive cells were isolated and propagated.

] INDUCTION PHASE [| MATPHASE [ MRDPHASE [
TVD
A4 A4 V v A4
Diagnosis RE1 RE2a RE2b Relapse

Figure 2.1 Time points at which BM aspirates were taken from children entered
into HRNBIL-1.0/1.5/1.7.

MAT represents myeloablative therapy. MRD represents minimal residual
disease therapy. Diagnostic samples were taken before administration of any
drugs. RE1 samples wetgken midinduction, at day 40 of treatment. RE2a
samples were taken at the end of the induction phase, day 80 of treatment.
Re2b samples were taken from patients that required extra chemotherapeutics
(TVD cycles) before moving onto MAT phase, samplestakea at the end of

the TVD treatment. The time points across all trials remained the same but the
therapies used within each stage of treatments changed across.trials

2.2.3 Isolation of GD positive cells from BM

~

On arrival, each sample was processed utiegMAC&® &a&aidSyY oaAf GSye
Bisley Surrey, UK) as summarisedrigure 2.2Briefly, BMaspiratewas centrifuged

at 405¢g for 5 minutes (mirtp separate the cellular fractioand red cel werelysis

was performed; BM was incubated in 10ml erytbyte lysis buffer (Buffer EL,

Qiagen, Manchester, UK) at 4°C for 10 min. The wbids werepelleted by
centrifugationat 405g for 5 minThe white cell count (wcc) was determined by
counting the viable Wite cellnumberusingthe trypan blue exclusionssay andc
Neubauerhaemocytometer To label GPpositive cells60 microliters (ul) MACS

buffer (bovine serum albumin, BSA, 0.5%eight/volume, w/v) Sigma and

ethylenediaminetetacetic aciEDTA2mM) in 1Xphosphate buffered saline (PBS;
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(w/v), Oxoid Lmnited, Basingstoke, JK20ul FcR blocking reagent (Miltenyi Biotech)
and 10pl antGD (14.G2a, 0.5mg/ml, BD Bioscienc&xford, UKwas addecper
1x10 cells andincubated at 4°C for 30 min. After washimg adding2ml of MACS
buffer, cells were pelletd by centrifugation at 405g for 5 min. Cells were then
incubated for 15 min at 4°C in BOMACSbuffer and 2@l rat antkmouse 1gG2a+b
microbeadgMiltenyi Biotech) peflx10 cellsto label GBpositive with the magnetic
microbeads After washingoy additon of 2ml MACSbuffer, cells were pelleted by
centrifugation at 4059 for 5 min and resuspended in [#08f MACSbuffer. An LS
column (Miltenyi Biotech) was placed into the Quad@C® & S LJ- NJ Gi2 NJ 6 a .
Biotech) and primed with 3ml MA®8ffer. The cellsvere placed into the primed LS
column, the column was washe&ltimes with3ml MACSbuffer and the cellsiot
magnetically labelled, therefore not held within the magnetic field of the column,
and were collectednto a falcontube. The LS column was then rewed from the
magnetic field of the QuadMACS & S LJ- NJ (i 2 MICSoyffer was Yidshe@ F
through using the plungerluting the positive cells into a new falcanbe. Both
fractions were centrifuged at 405g for 5 min atite viahility of recoveredcells,
resuspended in LAMwas counted usingthe trypan blue exclusion assay ard
Neubauerhaemocytometer. GPnegative cells were seeded into a 25ctissue
culture flask (T25Corning Falcon)n LAM as this is optimum for NB cell growth,
ensuring any noteD, positive cells could propagatdhe low adherencd f) plate
assay as described in Sectio®.2.6.1 was set up using GDpositive cells and
remaining cells were seedeadto a T25lask in LAMBoth fractions were incubated
in a humidified chamber at 37°C, 8%bon dioxideCQ) in air.If after4 weekghere
were no viable cells in the positive flabloth fractions were discarded.ositive cells
were maintained in culture until each investigation summariseéigure 2.3 hd
been completed; cells were then resuspended in dimethyl sulfof@déSO.10% in
LAM (volume/volume v/v), Sigmaand placed into cryovials and frozen gradually to

-80°C to minimise the number cell passages.
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Resuspended in 60ul MACS

1ml BM in LAM Added 10ml erythrocyte buffer, 20ul FCR block and
media lysis buffer, repeated twice Total viable 10ulanti-GD, per 107 cells
[ | [ | [ | cell count
30 min
—> —> —> — 11— —> 4 C
2
v
&]%EEEE:] pnti-GD,”
_ White blood cell pellet it
Negative cells removed
o000 by 3x PBS wash Cells washed
l | l | l | I | in 5ml MACS
buffer
Magnetically
labelled GD, positive W
cells were held in

the column \

Cells resuspended in 80ul
MACS buffer and 20l 1gG2
a+b beads per 107 cells

— Negative Positive
Fraction Fraction

e e R |

192
cells

|

GD, fractions seeded into Primaria™ T25 flask to propagate

Figure 22 Isolation of GD positive cels fromBM aspirates

Cells were isolated using MACSell sorting technology. MACS buffer
contained BSA (0.5%; w/v) and 2mM EDTA in@B%ntibody (clone 14.G2a)
was sourced from BD Biosciences.
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Sample taken at hospital then sent in first class post
Sample arrived and separated

GD, positive cells €<—— using MACs™ system

—> GD, negative cells

W A4
| 192 cells seeded into 2 96 1x106%cells spun onto 6
» well low adherence plates slides for H&E staining **
v L

Seed cells into primaria T25 flask

Transferred to a T75 flask once established Seed cells into primaria T25 flask

GD, negative cells

destroyed after 4

Cells frozen to vials €——— weeks
for stocks Q
v
3
Cells frozen to pellets €<— g
E RNA extracted for TH, PHOX28B 3l
and miRNA profiling 2
=
i Cells spun onto slides €<—— 2
b staining for NB markers g
1]

a & } Migration assay <

%_ﬁ Colony formation assay «<———

A\
Cells removed from culture

Figure 23 Schema of characterisation of GIpositive and negative cells whilst
maintained in culture

The LA assay was not set up for all samples, those with insufficient number of
positive cells were instead seeded into a flagkegative cells were nospun

onto slides forhaematoxylinand eosin KI&E staining for every samples
processed.
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2.2.4 Characterisatiorof G negative cell population from BM

2.2.4.1 Culture of GDnegative cells

The GDR negativecells were maintained in culture to establish if the BM aspirates
containedGD» negativeNB cells that could bpropagated. Flasks wemiscarded
after 4 weeks or when propagation of &positive cells growth was seen, after
addingdistel (10% in water(v/v), Snailwell, Cambridgeshire, Wk§infectantfor 30

min the flasks were sent fasterilisation via autoclawg then forincineration

2.2.4.2 Cytospins of Gbnegative cells for haematoxylin and eosin staining

After separation the number of GIDegativecellswas counted usinthe trypan blue
exclusion assay aral Neubauehaemocytometey 6x10 cells were resuspendeid

3ml of PBS from which éytospins of 0.5ml each were prepared. Cytospins were
prepared onsuperfrost® naroscope slides (Thermo Fishday centrifugation at
1,000g x 3 min of 0.5ml per slide using a Hettich sgtstem(Hettichrotor-fix 32A
Manchester UK) Excess PBS was aspirabedore removing the fasteningng and
chamber. Slides were dried bgentrifugation at 3000g for 1 minand leaving
overnightat room temperature. Cytospins were wrapped in foil and storee2@tC

until used for charactergion studies.

Once dry,to allow identification of cell morphologthe slides werestained with
haematoxylin (identify nucleic acid) and eosin (rsmpecific protein stain) as
described inTable 2.2 After dehydration in xylene cover slips were fixed oer

OStfa dzaAy3I | RNRBLI ol LIWINRBEAYI GSté& wmn>f
examined by light microscop®lympus CKX41 microscqo@ympus, Soltend-on-

Sea, Essex, UK) and imaged u€ialh B softwag (Olympus.



-48-

Table 22 Protocol forhaematoxylinand eosin (H&E}taining

The procedureg & LISNF2NXYSR Ay | FdzvYS K22RP ¢
v/iv 80ml haematoxylin (0.5M in absolute ethanol, Sigma) 97.7%; v/iv 3400ml|
sodium iodate solution (2mM in @B; Sigma), citric acid (6mM in g Acros
OrganicsThermo Fisher), chloral hydrate (0.35M in.@H Sigma), aluminium
potassium sulphate (0.3#olar (M) in dHO; Sigma)) was passed through filter

paper before use

Solution Incubation Time
al & S hNdmatoxyin(2.3%; v/v) 30s
Running tap water 5 min
Scota a2t dziAzy ow> YI 3IyS3 _
sodium bicarbonate (Sigma)) L min
Running tap water 5 min
Eosin (0.5% w/v, Sigma) 2 min
Running tap water 5 min
70% Ethanol 1 min
90% Ethanol 1 min
100% Ethanol 2min
100% Ethanol 2 min
Xylene 2 min
Xylene 2 min

2.2,5 Characterisation of GEpositive NBcells from BMaspirates

2.2.5.1 Culture ofGD» positive ells

GD positive @lls were propagated in culture in Tissue Culture Zero (an isolated
culture facility for primary cells until mycoplasma negatistgonfirmed); when they
reached80% confluencyassessed by examination of flasks at 10X magnification
using a light microscope) celiere transferred from a T2Baskinto a 75cnd tissue
culture flask (T75, PimNA I = CI f O2y 0 | yoRt NIk YWl NX IAw SIRf |
(Falcon, BD Biosciences)LAM Cells wergassaged whezver they reached70-
80% confluency, media was aspirated then cells were wastidtdPBS incubated

for 2 minin EDTA (A% in PBSwW(v), Invitrogen Thermo Fishgrfollowed by
incubating in 5mlypsin (0.25% in PBS; (v/v), S&yrfor 2 min or until cells had
detached as determined by light microscoflyikon TM$ Nikon, Kingston upon
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Thames, Surrey, UK) HIX magnification. Flasks were tappgéntlyto remove cells
from the plasic surface.LAM (5ml) was added to the flask and trells were
collected by centrifugation at 405g for 5 min, cefllsre resuspended irbml fresh
media and split between flasks atratio of1:3. Cells were cultured in a humidified
chamber (Sanyo G@hcubator, MCG20AIC, Sanyo Gallenkamp Plc., Loughborough,
UK) in 5% COn air at 37°C. All cultures wemsycoplasma negative; cultures were
testedwithin a month after isolation for mycoplasmeing the EPCR mycoplasma
test (Geneflow LtdFradley, Stafforshire, UK) biirs Andrea Berry or BIKimberley

Cass

2.2.5.2 Immunocytology for NB markers

A 70% confluent flask of cells waypsinised (Section 2.2.5.]), pelleted by
centrifugation at 405g for 5 min and resuspende®BS500ulper cytospin Section
2.2.4.2. Immunocytology staining for NB markers on cytospins prepared from
primary cells was carried out by Mrs Andrea Berry. NB primaries were analysed for
expression of each protein using optimised ciioths as described imable 2.3For

each antibody and sample a matching isotype control was included, and in each
batch of analyses a cytospin of a positive NB cell line was included. After NB marker
immunocytology, all cytospins were counterstained wiematoxylin dehydrated

andthen mounted as described in Sectigr2.4.2

22521 LYYdzy20e(i2f23& dzaAy3d 9y+Aarizyun RSGS
All reagents were used as provided in the EnVididit (Dako, AgilentCalifornia,

USA, incubatins were carried out at room temperature, unless otherwise stated
dzaAy3a GKS {KFIyR2yun {SljdsSyT I n adlAyAy3a NI
and permeabilised using conditions statedTiable 2.3any endogenous peroxidase

activity was quenched by iobating the cytospins for 5 min in peroxidase block.
Residual block was removed by incubating cytospins for 2 min ipQithén 2 min

in tris buffered saline withween (TBST; 33mMris HCI, 75mM NacCl, 0.1%een

(v/v), Sigma, inauble distilled water (dH0); pH 7.4). Primary antibody was diluted

to the predetermined concentration (sekable 2.3 in antibody diluent then applied

to cytospins and incubated for 30 min, unless otherwise stated. To remove primary

antibody, cytospins were washed twice for 2nmiiBST. Labelled polymdRP was
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applied to cytospins and incubated for 30 min. The cytospins were then washed
twice for 2 min in TBS Positive staining was visualised by incubating cytospins with
OQRAIYAY206SYT ARAYS 05! . 0edandhe prodbition & a F 2 NJ
brown precipitate that could be identified on examination under light microscopy.
Cytospins were then rinsed in running tap water for 1 min, counterstained and

mounted.

2.2.5.2.2 Immunocytology using &tage peroxidase

Incubations were aaied out at room temperature, unless otherwise stated using
0KS {KIyR2yn { Sl d2@tespirswerefiket dsiigicyhaitionslst&igd
inTable23(i KSy Ay QOdzol 6SR Ay LISNREARI&aS of20]
guench any endogenous petdolase activity present within the tissue; this was
followed by 2 washes in TBST to remove residual hydrogen peroxide. The
Avidin/Biotin blocking kit (ab64269, Abcar@ambridge, UKwas used to block
endogenous biotin or biotibinding proteins present witin the tissue. The
Avidin/Biotin blocking kit contains pigiluted reagents that were used as supplied,
the contents of kit components are company proprietary. Cytospins were incubated
with Avidin D solution for 10 min then washed twice for 2 min in TBI$n
incubated with Biotin solution for 10 min then washed twice for 2 min in TBST.
t NAYINE |yidAo2Re RAfdziSR Ay IFyliAo2Re R
predetermined concentration (se&able 2.3 was applied to the cytospins and
incubated for timespecified inTable 2.3 Cytospins were then rinsed twice for 2 min

in TBST, secondary antibodoat antiRat Ig@-c Fragment crossdsorbed
Antibody Biotinylated A110236B; Cambridge Bioscienc€ambridge, Ukdiluted

1:100 in antibody diluent was apetl and cytospins incubated for 30 min. The
cytospins were rinsed twice for 2 min with TBST then incubated with
streptABcomplex for 30 min then rinsed twice for 2 min with TBST. Cytospins were
then incubated with DAB substrate for 15 min, rinsed in runtémgwater for 1 min,

counterstained and mounted.
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Table 23 Optimised antibody information and conditions for labelling of NB
cytospins.

lff AyOdzomlidAz2ya 6SNBE G4 NB2Y GSYLISNI G
detection kits were supplied by Dako, A&gil. o/n denotes overnight. All
YFENLSNBE ¢SNBE RSGSOUSR cmtkerywdh * WK 9y + A
indicates 3-stageperoxidase detection wassed.MRP4 represents multidrug
resistance protein 4PFA represents paraformaldehyde.

. Dilutio | Positive . Permeabiliation
Target | Antibody N control Fixation and block
Rabbit .
0, q
CD45 | ab40763 | 1:100 | Jurkat | 470PFA N PBI
10 min
(Abcam)
Mouse . . )
0, q ) .
CD57 abl87274 1100 | U-2 Os 4A)PFA.|n PBJ 0.1%triton x‘ln
10 min PBS 10 min
(Abcam)
Mouse

0 1 q
GDh 554272 (BD| 1:100 | IMR32 4%PFA in PB

i0sci 10min
Biosciences)
. 100%
MRP1 a'\gnggz t/io BE(2)C methanol 5 10%BSA, 0.1%
(Abcam) 4°C min tweenin PBS 1h
-20°C
Ratab15602 1:20 100% acetone
MRP4 | (abcam) | 9™ | BE@IC "3 min-20nc
Mouse MA%
06801 . 4%PFAIn PBS
NCAM (Thermo 1:200 | Kelly 10min
Fisher)

Rabbit 1:50

0 ) ) vt i
Nestin ab105389 o/n IMR32 4%PFA in PBY 0.1%triton-x in

(Abcam) 4°C 10min PBS 10 min
Mouse SE€
376997 4%PFA in PBY 0.1% tritonx in
PHOXZE (Santa Cruz, 1:40 | IMR32 10 min PBS 10 min
TexaslUSA)
Mouse MAl 1:40
T™H 26654 O'/n IMR.32 4%PFA in PBY 0.1% tritonx in
(Thermo o 10 min PBS 10 min
. 4°C
Fisher)

2.2.5.3 RTgPCR for NB gee&pression
Assessment of NB gergpression TH and PHOX2B mRRAgPCRas carried out
by Ms Laura Sethi and Dr Virginie Viprey. RNA was extracted and cpehsisi

described inSection3.2.1.1.1and stored in single use aliquots #&0°C. For each
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target 100nanogramsifg) of total RNA was added to tlreverse transcriptasRT)
reaction. RNA was heatad a heating bloclat 95°C fo 5 min then cooled on ice
prior to addition of 10ul of RT miX#éble 2.4. The RT reaction (20ul) was incubated
in a heating bloclat 37°C for 1hNegative controls of each primary RNA sample with
no RT enzyme and RNA from a positive control cell lineed@h marker were
included in each assay. Each RNA sample was also amplified for the house keeping
3SyS i Hao
Table 24 RT mix for analysis of NB genes TH and PHOX2B and positive control gene

I 2M.

MgC} represents magnesium chlorideINTP denotes deoxyriboicleotide

triphosphate.
Reagent Volume | Concentration in the Suoblier
9 (ub reaction tube PP
TagMam Universal .
PCR Master Mix 2 1x Thermo Fisher
GE Healthcare
dNTPK10mM) 2 1mM (Buckinghamshire
UK)
MgCt (1L00mM) 1.6 8mM Sigma
Random hexamer .
orimers(0.6.g/1l) 1 1.8ug Thermo Fisher
. Promega
RNasm.P.Ius RNase 0.4 48U (Southampton,
Inhibitor
UK)
Superscript lIRT 0.2 120U Thermo Fisher
RNaseree HO 2.8 - -

Amplification of THPHOX2Band the housekeeping gené H anRNAused the
TagMan assayall reagents supplied bVhermo Fisher)Polymerase chain reaction
(PCRwas performed ér TH and PHOX2B in a @#ireaction containingl6ul of
complementaryDNA(cDNA)and fori M, 4ul cDNAvas added to a total reaction
volume of 24ul. For all targets cDNA was addedREGR mixontaining 1XTagMan
Universal PCR Master Mif00nM forward primer, 100nM reverse primer and
100nM probe, primer and probe sequences are listed ale 2.5 Samples were

analysed for target in tripdate in a 96 well Thermfast PCR plate, sealed with
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MicroAmp Optical Adhesive Film on a 7900HT Fast Real Time System (Thermo Fisher)
for 40 cycles of PCR; 50°C for 2 min, 95°C for 10 min followed by 40 cy&&s &9
15s and 60°C for 1 min.

Table 25 Primer and probe sequences for TH, PHOX2Bia2ld PCR reactions.

Primer/probe Sequence
TH forward primer p - ATTGCTGAGATCGCCTICCA
TH reverse primer p-BATCTCCTCGGCGGTGFACYC
PHOX2B forward primer p -QAGGGACCACCAGAGEAQT
PHOX2B reverse primer p-QTGCTTGCGCTTCTCGOTGA
i H &orward primer p -GAGTATGCCTGCCGT&TG
I H aeverse primer p - AATCCAAATGCGGCAT@r
TH probe p ACAGGCACGGCGACCCGATIC
PHOX2B probe p DACGCCGCAGTTCCTTACAAACT@T]
I H @robe p -QCTCCATGATGCTGCTTACATGTIL]

2.2.6 Seltfrenewal assays

To assess the sealkénewal abilities of the isolated NB celiwo assays were
performed, the LAand the soft agar colony formation (CF) geliewal assays. Both
assays assess the ability for a single cell to divide, the LA assay lookseatesgdl

in a suspended state and the CF assalfrenewal in a sersolid state.

2.2.6.1 Low adherence selfenewal assay

After separation, GEpositive cells were resuspended by gently pipetting to produce

a shgle cell suspension of 5 cells pefin LAM. A Ay 3t S OSftt AY wnn>
then pipetted into each well of two 96 well ultlaw adherence plateQorning SLS
Nottingham, UK The plates were incubated in a humidified chamber in 5%ilCO

air at 37°C. After 20 days the plates were almed usg light microscopyGKX41
microscope Olympus) at 10X magnification and the number of wells containing
spheres counted for each plate. A sphere was defined as a clump of moré than

cells. The selfenewal efficiency as calculated using the formula:

Sdf-renewal efficiency (%) = (number of wells containing a sphere/number of single

cells seeded (192)) x 100
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The probability of seeding 1 cell per well was assessed by Ms Mariona Chicon Bosch.
Using the cell line SK-MC, two 96 well Primaria adherence plees were seeded

with a single cell per well, as described above and incubatachumidified chamber

at 37°C, 5% CGan airfor 24h. Each well was then washed in 200ul PBS, fixed with
100ul PFA 4% in PBS at room temperature for 15 min, then washed vBtadin.

¢tKS OStta 6SNB Ay OdzadiairfliRo2-ghantirdolen(@Ply 3 k Y §
Sigma) in 50ul PBS in the dark for 30 min at room temperature to stain the nuclei.
After replacing DAPI solution with PBS cell number was assessed by light microscopy
(&XX41at 4X and 10X magnification), the number of cells detected in each well was

recorded.

2.2.6.2 Colony formation seHrenewal assay

Solutions of 3% anP% agar (w/v; Sigmandistilled water (H0) were prepared and
sterilised in the autoclave by exposurettigh pressurised steam at 121 for 15 min.
These werethen stored at room temperature until required. The 5% agar solution
was heated ira microwave until fully liquid, the0.5ml was added to 4.5ml LAM
warmed to 37°C in a water bath. This was mixed dighly to give a 0.5% agar
solution which was poured carefully into a 60x15mm petri dish (Falcon) avoiding the
introduction of bubbles and left to solidify. A single cell suspension containing
1.8x1C cells was prepared in 4.5naf LAM and 0.5ml of 3% agat 37°C. The
suspension was poured on top of the solidified 0.5% dgger and allowed to

solidify.

For each sample the assay v&zt upin triplicate; the NB cell line IMB2 cells was
includedas apositive control. The agar plates were placed in 120xdim square
dishes containing a 35x10mopenpetri dish (Falcon) with 2ml dBto prevent the
agar from drying ouéind incubated in a humidified chamber in 5% @Gair at 37°C
for 20 days.

Plates were examined for colonies at days 10 and 20. The nurhbelomies formed

was scored in 16 randomly selected independent fields of view across the plates.
Each field of view was scored through the whole depth of@t8% cell containing
layer of agar using light microscopiNikon Eclipse TS100, Nikon) &0X

magnification. A colony was scored if more tHaoells were present.
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Colony forming efficiency (%) = (humber of colonies formed in field of view/number

of cells seeded in field of view) x 100

bdzYoSNJ 2F OStta Ay TASE RZdpdlun@afSgarim 0 2 f
0 KS ¢ K2 f28))xdfintbér 6f cedls séelled

2.2.7 Migration assay

At the start of the experimentd@y 1) 1x1C cells (in 200pl of LAM)eve added to 8
wells of a 96 well ultrdow adherence plate and incubated in a humidified chamber
in 5% CQin air at 37°C for 5 days to induce spheroid formation. On day 5, 8 wells of
a 24 well plate were coated with 300ul of gelatin (0.1% in steril®giv/v) Signa)

and incubated for 1kat 37°C to allow the gelatin to solidi&f optimal temperature

for cell growth Any gelatin that did not set was gen#gpiratedfrom the welland
900ul of LAM was added to each well. The spheroids were then transferred into the
wells, 100ul ofexcessmedia was carefully removed frothe spheroid containing
well, disarded and the remaining 100ul containing a single spheroid was transferred
using a P1000 pipette (Gilson, Wisconsin, USA) and gently placed in the centre of
each coated wellA P1000 pipette tip, the largest was used to give least chance of
disrupting thespheroid, transference of the spheroid could be confirmed by visual
inspection.The plate was then incubated in a humidified chamber at 5%iC&r

at 37°C forlh to allow the spheroidto adhere. SKN-SHspheroidswere used as a

positive control.

Each vell was imaged using an Olympus CKX41 microscope using x4 objective and
Cell B softwar at 0, 24, 48 and 72h post transfer of the spheroids to the 24 well
plate. The images were analysed using Volocity®. The freehand tool was used to
outline the spheroid are and migration zone for each image, as illustrateBigure

2.4. The pixel count foboth zones at each time point was noted. The migration value
was then determined. For each sampié the 8 wells set up 3 were selected at day

0 of analysis, thessame wells were imaged every 24h.

Migration for time point = (migration zone for time poitre at time point)/core at
Oh



-56-

T 200um

ID Item Name Name Population Color Type Pixel Count

1 SKNSHP4... ROIs 1 ROIs BN Object 20687
2 SKNSHP4... ROIs 2 ROIs Object 222102

Figure 24 Volocity® software analysis of migration assay.

Figure shows SK-SH (P49) control cell line at 72h. A, image panebiocity®

1 denotes area around core and 2 denotes the area the cells have migBated.
measurement panel; the blue highlights the core and the green shows
migration area of cells. Pixel counts were noted for calculating the migration
index.

2.2.8 Statisticalmethods

2.2.8.1 Goodness of fit test to determine probability of seeding a single cell into
each well

The mean and median number of cells per well was first calculated. The ability to
manually seed 1 cell per well was determined usiciaquare goodness oftftest.
The test determined the best fittingunder Poisson distribution witkrepresenting
the most likely number of cells in each well. A result of 1 or under would give

confidence that seeing a colony in a well is not due to seeding more than 1 cell per
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well. The probability of seeding2 ormocells ek H 0 ¢+ & It a2 ot t Odz |

square goodness of fit test.

2.2.8.2 Comparison of colony size between cell line control and primary cultures
Colony size was quantified using Volo@itiAxel counts for the area of each colony
were recordel for 4 primary cultures and 5 repeats of the control cell line HBIR

Mean colony size was compared using an unpairesst.

2.2.8.3 Comparisons between diagnostic cohorts and time points

BM aspirate and phenotype data were assessed for significance between different
diagnostic cohorts and between time points within the HR NB cohort. Differences
were analysedising a onevay analysis of varianceANOVAwith a Tukey poshoc

test to compare across more than 2 groupgs.threshold of 0.05 was used for

significance.

2.2.8.4 HR MNB survival analyses

The prognostic value of propagation success; @Gidfiltration, wcc and phenotype
assay results were evaluated using log rank (Ma@t) test and visualised as
KaplanMeier plots using the computer programme SPSS (IBM Ltd, HampgdKiye,
EFS was defined as the time from diagnosis to the time of first gfresttevent could

be relapse or death, with censoring date last seen for surviving patien@Swas
calculated as the time from diagnosisdeath, regardless of the number @vents

that may have occurredwvith censoring at the date last seeRatients without EFS

or OS follow up data were excluded from the analysis. Where the data was not
binary, optimum cut offs were determined by analysing each possible thrashol

using the bg-rank test,the cut off with the bestongrank chisquare beingised.
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2.3 Results

2.3.1 GD negative cells shared morphology with normal BM cells and did

not propagate

There was a difference in morphology betwe®b positive and negative cells whii

in culture on plastic, illustrated irFigure 2.5 The negative populations did not

propagate and H&E stained cytospimere indicative of white blood cells.

Figure 25 Morphology of G2 negative and positive cells

A and B both shoD» negative fractionsA cepicts H&E staining and B shows
cell morphology when cultured on plastic. C and D showaBitive cells in
culture on plastic

2.3.2 BMaspirates received during trial recruitment

Throughout the recruitment period of the SIOPEN HR NB trials (1.0, 1.5 gnd 1.7

samples were collected between 11.10.2012 and 30.06.2017, 331 BM aspirates have
been received and processed to isolate NB @d3itive cells. As depicted Figure

2.7, 12% (n=40) of these samples were destroyed as patients were not consented.

The rate & non-consent may be explained as the samples are acquired prior to

diagnosis, with informed consent being taken pd&ignosis; many of these nen
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consented patients were neNB or low/intermediaterisk NB. A diagnosis of HR NB
was confirmed in 75% (217/29 of samplesand these will subsequently will be
referred to as HR NB. Of these 217 samples 164 were taken at diagnosis, these
children were recruited onto a version of the HR NB trial that was recruiting at the

time, this breakdown is depicted Figure2.6,A.

BM aspirates were taken at different time points throughout the trial as described

in Sectior2.2.2, 8% (18/217) at RE1, 10% (21/217) at RE2a, 6% (13/217) at RE2b and
1% (1/217) at relapse, summarisedrigure 2.7 Thre mean number of BM aspirates
received per year was 31 (range-3B), calculated including aspiraeeceived at all

time points,Figure 2.6B. Different time point samples were only received in 2016

and 2017, therefore most were from patients recruitedto the later trials.

A B
» 50| HRNBtrial g0 HRNBtrial
% version version
g 5o W0 @ ol BWio —
< Bis ® M1is -
07 = 07
S a0 3
g 3
% 30 — S
s 3
S E
o 20+
g z
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=
0 r 1 1
2011 2012 2013 2014 2015 2016 2017 2011 2012 2013 2014 2015 2016 2017

Year Year

Figure 26 Histogram of number of BM aspirates receivedrtughout the duration
of SIOPEN HRB trials.

The SIOPEN HR MRls recruited from 11.10.2012 to 30.06.2017. A, shows
diagnostic BM aspirates received, indicative of nmatients, n=164. B, shows
BM aspirates from all time points, n=217. Blue indicc8SPEN HRBI-1.0;
green SIOPEN HR NBE; orange SIOPEN HNIBL-1.7.

Samples that were not HRIHRNB (n=73) were retained after parents of children
had given CCLG consdnt the use of material in research (Secti@ar2.2, upon
which cells were propagated and stocks frozen. Of these patients a diagnosis of

intermediate and lowrisk NB accounted for 79% (58/73), subsequently referred to



-60-

as NHRNB. The remaining 21% (16/73) were diagnosed with other cancers
(subsequently referred to as OC), includimganglioneuroblastoma (n=5),
ganglioneuroma (n=4), and one each of desmoplastic small round cell tumour,
9 g A ke QRA99 positive tumoungpatoblastoma,malignant nerve sheath tumour
(MNST) paragangliomapheochromocytoma andhabdomyosarcomaTgable 2.6)
diagnoses were confirmed by histology, immunohistochemistry, age at diagmaksis
genetics as appropriate in the referring centre). Ganglionelastoma was not
included within the NB groups as they are composed of ganglion cells with
differentiating neuroblasts and have a more favourable outcolfkatz and

Krishnamurthy, 2008)

| | ved Samples
Tota samfa es receive destroyed
n=331 (no consent)
| n=40
Consented samples
n=291
75% 20% 5%
HR NB NHR NB Other cancer
n=217 n=58 n=16
75% Diagnosis
n=164
8% —— RE1
n=18
RE2a
10% n=21
RE2b
6% n=13
194 L— Relapse
n=1

Figure 27 Summary of BM aspirates received, n=331.

BM aspirates were received between 11.10.2012 and 30.06.2017. HR NB
denotes BM aspirates reoved from patients on a SRENHRNB trial; NRH NB
denote those from patients diagnoses with low or intermediate NB. BM
aspirates from patients with nehNB diagnoses are referred to as other cancer.
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Table 26 Summary of the patients with nofNB diagnoses

GD infiltration of the BMaspirates is calculatedsaa percentage of the total

WCC.
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2.3.3 Isolation andpropagationGL» positive cellsisolated from BM

aspirates

2.3.3.1 GD positive cellswere successfully propagated from BM aspirates

Cells were successfully propagated in 47% (144/291) of cultures. There was no
significant difference in propagatiosuccessof GD positive cells om HR NB
samples (4% (99/217)and other sample types. It is worth noting, the initial 33 HR
samples were separated, frozen and subsequently analysed, the propagation success
of these samplesvas 18% (6/33rompared t051% (®B/184) in cells that were

propagated immediately after separation, this suggests through freeze thawing cells

the selfrenewingproperties of these cells are diminished.
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The success of propagation shows no change across HR NB, NHRO\NBitbr NHR
NB samples successfully propagating38%(19/48, 9 are unknown as have been
frozen straight from separation and propagation ability not yet test@f)had a
success rate of 56% (9/15, 1 unknoas was frozen straight from separation and

propagation ability not yet tested

2.3.3.2 Samples takerat different time points within the trial show no trend in

propagation

There is no trend in propagation as samples are received throughout the trial. As
reported above diagnostic samples had a culture success of 44%, no statistical
difference was seen be®en any of the other time points; RE1 67%, RE2a 33%, RE2b
46%. Statistical analysis was not possible with samples taken at relapse as n=1 and

this sample was successfully propagated.
2.3.3.3 GD positive cellswere successfully isolated across diagnosis cohorts

There were data oD cell infiltration of BM aspirates available for 90% (262/291)

of cases, of the unavailable data 21 of these samples were HR NB, 7 NHR NB and 1
OC.The mearpercentage ofSD» positive cell populatiomcross all samples was 14%
(range0-94%, n=262) reporteds the percentag&D positive cells inftration of the

wcc HR NB samples had a mean.@filtration of 176 (range0-94%, n=196),
significantlygreaterthan the NHR NB (mean=4%56%,unpaired ttest p=1x1°)

and OC (6%,-87%,n=15,unpaired ttest p=0.002). This result is concordant with
there being a high infiltration of NB cells in the BM in patients with HR NB.

Total wce did not correlate to th&D infiltration (R2=0.04)the mean wcc of 262
analysed samples was 2XI¢ells(range 3x16-4x1(). There was no significance in
wcc between diagnostic cohorts, HR NB samples had a mean wcc df c&tis0
(n=51, range 9x¥4x1(), the NHR NB 2xi@ells (n=15, range 26x3ax1¢) and
OC 3x10cells (range 2xX¥@2x1C).

When compamg these data to the success of propagation, in HR NB samples
successfulmean=15%yange 0-92%, n98) or unsuccessful culture (mean=49
range0-94%, n99; unpaired ttest p=0.23)there was no correlation between GD

infiltration and the success of propatjon. Successfully cultured had a mean of 12%
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whilst those unsuccessful was 16%. However, when compared propagation success
to either the number of GPpositive or white blood cells significance was seen.
Samples that went on to propagate had a mean wkc8xd1.0 whereas unsuccessful
samples the mean value was significantly lower (p=1.8xH 9x16. The Gb
positive counts were also significantly higher (p=0.005) in the samples that showed

successful propagation (mean=9x)Lthan those that did not (meamx10).
2.3.3.4 Survival analysis using BM aspirate data

It may be hypothesised that cells that propagate in cultare more selfrenewing
and therefore the corresponding patients would havevarse outcome. There was
no significant difference isurvival wherusing success of propagation to analyse the
HR NB dataOS p=0.5, EFS p=0Q.68163 (1/164 no survival data availatds)shown

in Figure 2.8This may be as culturing cells on plastic istnady representative of
growth within the BM microenvironmentThe level of NB disease in the BM is
reported to predict for outcome in HR NBlosset al, 1991, Komadat al., 1998,
Seegeet al, 2000, Merugu and Tweddle, 2017, Corgaal., 2018) The percentage

of GDy infiltration had prognostic significance for both OS (p=0.0F8gure 2.9, A
and EFS (p=0.001Bjgure 2.9, B This adds to the evidence that children with a

higher NB burden in their BM will have a poorer outcome.
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Figure 28 Survival vs propagationigcess

Kaplan-Meier survival curves of A, OS and B, EFS in relation to the success of
culture. Red line = unsuccessful propagation, blue line = successful
propagation, n = number of samples analysed.
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Figure 29 Suvival vs GDRinfiltration .

KaplanMeier survival curves of A, OS and B, EFS in relation to the percentage
of GD cells in the BM aspirate at diagnosis. Red line = infiltration equal to or
less than 3.2%, blue line = infiltratigneater than 3.2%n = number of samples
analysed
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2.3.4 Primary HR B cultures heterogeneously express markers

All samples analysed were negative for expression of the haematopoieticema
CD45 (0/62), this confirmed there was nem@pagation of BM leukocytes. Gvas
detected in 96% (64/67) samples analysed, lack gfression in 3 samples is
surprising as GDwas the marker used to isolate cells. It may be that culturing
conditions have caused reduction in expression for these samples. None of the
samples expressed TH (0/43). However, 61% (38/62) expressed the NBr marke
PHOX2B. MRP1 (66/66) and MRP4 (61/61) were detected in 100% of samples
analysed, with a range of intensity and frequency across samples. CD57 was
expressed by 23% (15/55), in positive cytospins the staining was occasional
highlighting cells with an aggssive phenotype. Nestin expression was detected in
75% (50/67) of samples with varying intensity. NCAM was expressed by 54% (34/63)
of samples. Representative images of immunocytology for each marker are shown
in Figure2.10. Matching isotype control cytgens for each analysis showed no
positive staining (data not shown). These results indicate NB cells were isolated and

propagated from the BM aspirates with a heterogeneous genotype.
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PHOX2B

NCAM nestin CD57

MRP1 MRP4 CD45

Figure 210 Immunohistochemistry of HR NB primary cells

TH (C) and CIB (1) were negative on all samples. MRP1 (G) and MRP4 (H) were
detected on all samples. Positive expression of @R PHOX2B (B), NCAM (D),
nestin (E) and CD57 (F) was detected heterogeneously. Haematoxylin was used
as a counterstain to identify cell olei.

2.3.5 RTgPCRonfirms TH is expressed HR NB primary cultures

TH was detected by RTgPCR in 100% (27/27) of samples, however this expression
was not seen by immunocytology as described in Se@i8t PHOX2B was only

deteded in 1/27 (4%) sample but was detected by immunocytology.

2.3.6 Seltrenewalability of primary NB cells from children with HR

disease
2.3.6.1 Best fitting Poisson distribution for seeding cells into a single well

Analysis of cells seeded showed the mean numbereti§ per well as 1.6 and the

median result was 1. Upon analysis usthgsquare goodness of fit test, the Poisson
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distributionshowed thed Sa G FA UG dzaAy3d <I'mX 6AGK GKS
well of 0.9. The probability of havingd more cells in any well was 0.09. These
results shoved high confidence that results of seknewal are not due to incidence

of seeding more than 1 degper well.
2.3.6.2 Low adherence spheroid formatian

In diagnostic HR NB LA data was available for 130/164 samples, of these 95% showed
spheroid forming ability with a mean of 6% (n=123, rangd %, Figre 2.1).
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LA spheroid formation (% cells seeded)
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1

Diagnostic HR NB samples (n=130)

il i WL

Figure 2.11Low adherence spheroid formatimof diagnostic HR NB cells at 20 days

Results are the number of single cells that formed a spheroid, calculated as a
percentage of total cells seeded.

There was no significant effect b spheroid formatioon eitherOS (p=0.06Figure
2.12, A or EFSpE0.15 Figure 2.12, B Similar to the propagation success this may

be due to the differences in environment from the BM to suspension in a well.
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Figure 212 Suvival vs LA spheroid formation

KaplanMeier survival curves of A, OS and B, EFS in nelatiothe low
adherence spheroid formation efficiency (%) at day 20. Diffeoptimmum cut

points were determined for the OS (4.7%) and the EFS (3.6%) for this data. Red
line = spheroid formation efficiency equal to or less than optimal cut point, blue
line = spheroid formation efficiency greater than optimal cut point, n = number

of samples analysed.
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The spheroid formation assay was the only feature of sampd¢sliagnosed as HR
NB that washaracterised as the assay is performed upon separation of Takse
was no changen spheroid formationacross diagnosis groups (omay ANOVA
p=0.3); NHR NB mean percentage 5% (n=41, raf&f9;00C mean percentage 4%
(n=9, range 024), as shown in Figure 2.13.
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Figure 213 Low adherence spheroid formation in HRBNNHR NB and OC

There was no statistical difference between the different diagnostic- sub
groups

2.3.6.3 Colonyforming efficiencyacross HR NB samples

Colony forming efficiency was heterogeneous across the diagnostic primary HR NB
cultures examined; mean caly forming efficiency at day 20 was %%range 09,

n=72 Figure 2.1%1 The IMR32 colonies were significantly larger at day 20 (unpaired
t-test p=0.0002) than those produced by NB primary cultures as depicteidjume

2.15 with images of coloniedMR-32 independent repeats (n=33) also showed a

significantly higher colony forming efficiency both at day 10 with a mean efficiency
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of 5.8% (unpaired-test p=9x1¢“, range 1.611.6) and at day 20 with mean
efficiency of 9.2% (unpairedtést p=3x16°, range3.3-13.3) when compared to

primary cultures.

The mean colony forming efficiency was significantly higher at day 20 compared to
day 10 (0.8%, range-y) n=72; p=0.0001). Most samples produced visible colonies
within 10 days (984 67/72), in four cases, cohies were only visible after 20 days,

and in 1 case no colonies were present at day 10 or 20.
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Figure 2.14 Colony forming efficiency at day 20 across HR NB diagnostic cultures.
Black bar = HR NB cultures, n=72. Red bar =3Mpdsitive control cell lig
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Figure 2.5 Images of colony formation at day 20

A-E shows 5 HR NB diagnostic samples, F shows2MiRsitive control cell
line. Colonies are highlighted using arrows, the mean pixel count of3BMR
colonies was 16855 and HR NB was 2835.

Colony fomation efficiency showed significance when compared to OS (p=0.0016
Figure 2.16, Aand EF$€0.012 Figure 2.16, Bwith a higher efficiency predictive

of increased survival. These may seem counter intuitive as children whose cells have
a greater selfenewing phenotype may be identified as those with more aggressive
cells and in turn have a worse outcome. However, an incre@$ésd indicative of
increased cell turnover, a process necessary for chemotherapeutic effect. As a result
patients whose cellare selfrenewing will have a better response to cell cycle drugs

and therefore an improved outcome.
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Figure 216 Suvival vscolony forming efficiency

KaplanMeier survival curves of A, OS and B, EFS in relation tcaloay
formation efficiency (%) teday 20using optimum cut pointRed line = spheroid
formation efficiency equal to or less than 1.5%, blue line = spheroid formation
efficiency greater than 1.5%, n = number of samples analysed.
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2.3.7 Migration ability in primary cultures

73 diagnostic HR N&ultures have migration data, of thavestigated NB cellsall
were able to migrateMigration index increased with time from 24h to 72h, in all
diagnostic HR Bl primaries except one (Figure 2)1The migration values were
heterogeneous with a mean valuagt 72h of 122 (n=73, range 7827.5. The
heterogeneity of migration phenotype vssible inFigure 2.8 andFigure 2.19These
images also highlight the differences in the population of aeitlin the core that
throughout the assaymay increase in nuber @ ii), disperse B iv) or remain
constant Bi) emphasising the need to normalise the migration values against size of
corefrom the same time pointMigration index of SKI-SH cells was 26 (n=34, range
4.675.8) at 72h, 5 primaries had a migratiordéx less than this, meaning 95%
(89/93) had a higher migration index than the-IS{6H cell line.
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Figure 217 Histogram of migration index gradients across diagnostic HR NB
samples

One sample (highlighted with *) had a negative gradierOa2, indicaive of
no increase in migration across the 72h.
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Figure 218 Migration index at 72h for HR NB diagnostic samples aneNs8H

SKN-SH is the positive control cell line used = Red Rasults are shown as
mean * standard error ohe mean of one experiemt (n=3).

There was no significant effeof migration onOS (p=0.21, Figure 2.20, A) or EFS
(p=0.3,Hgure 2.20, B). This may suggest migration does not impact outcome, or it

may show the migration assay is not representative of migration within the BM.



Figure 219 Images of migration across time points and in different samples

A, Images of spheroid migration taken throughout the assay at i Oh ii 24h iii 48h iv 72 show increased migration widdtarea Righlights
the spheroid core iad blue shows the migration area. B, Imagé32hdemonstrate the heterogeneity of migration across HR NB diagnostic
samples-v and SKN-SH positive control vi.

-LL-
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Figure 220 Suvival vsmigration.

KaplanMeier survival curves of A, OS and B, EFS in relatidmetmigration

index of cells at 72h. Differenptimum cut points were determined for the OS
(115.5) and the EFS (112.5) for this data. Red line = migration index equal to or
less than optimal cut point, blue line = migration index greater than optimal

cut point, n = number of samples analysed
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2.3.8 No relationship between phenotype of NB primaries and the

infiltration of NB cells within the BM

No correlations were revealed between the sedhewal assays (LA and GF)
migrationwhen compared to the % of Gpositive cells in the BNFigure 2.2). The

lack of correlatiorbetween the results okelfrenewalassaysand infiltration was
interesting as it could be hypothesised that cells with a greater-reaéwing
phenotype would lead to larger disease burdenhaitthe BM Similarly cells with a
greater migration capacity may lead to increased NB cells within the BM, but this

correlation was not seen
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Figure 2.21Relationship betweerGD infiltration and cell phenotype

Scatter plotsllustrating the relationkip betweenGD infiltration against A, LA
spheroid formation, B, migration, C, colony forming efficiency in HR NB
diagnostic samples.
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2.3.9 No relationship between selfenewal and migration of NB

primaries

No correlations were revealed between the differeseifrenewal assays (LA and CF)
and migration Eigure 2.22 The lack of correlation between the results of LA and CF
assays was unexpected since both are assessing the ability of a single cel to self
renew. Intuitively one expects this reflects experinedrdifferences in the assays,
one examining seffenewal of cells in sensolid agar (CF) and the other in liquid
media (LA). A further explanation could be the effect of propagating the primary cells
on plastic since the LA assay is set up from @i3itve cells immediately after
isolation from the BM aspirates whereas the CF assays (which require higher cell
number) are set up from cells propagated on i@ through several passages.
Correlation between migration and either sefhewing phenotype maybe
hypothesised in either direction. Firstly, if a cancer cell is adaptive it would respond
equally well to either a sellenewing or migratory environment, giving a positive
correlation between the phenotypes. Conversely it may be argued that a celicable

migrate would not be able to setenew, dependent on the cell cycle.
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Figure 2.22Relationship between cell phenotypes

Scatter plotsllustrating the relationship betweeA, colony forming efficiency
and migration, BLA spheroid formatiorand migration, C, colony forming
efficiencyand LA spheroid formatiom HR NB diagnostic samples
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2.3.10 Evaluation of selrenewal and migration in NB cells isolated from

children at different time points in trial

There was no significant change in seliewal measugd using the selfenewal (CF

or LA) or migration assay in HR NB cells isolated from BM aspirates taken from

children at diagnosis, mishduction (RE1), end of induction (RE2a, RE2b) or relapse

(Figure 2.23 Interestingly there no general trend in any tfe phenotypes

measured in NB samples taken from BM aspirates collected from children post

treatment. This could reflect different responses to treatment or disease course

across the different patient populations.
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Figure 2.23Dot plot and ANOVA summarngyf phenotype across trial time points

Phenotype differences across time points wemmpared using ANOVA with
Tukey posthoc correctionsDot plots show all data points for each phenotype
across all time points, mean values for each group are indicatetdeébbar.Dx

represents diagnosis.
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2.3.10.1 Evaluationof selfrenewal and migrationacross samples from the same

patient

The 53 samples taken at later time poimtere from 35 different patients. Ohese
26 had paired diagnostic samples. For each of thesemiatit is possible to compare
the LA spheroid formation as this asséges notrequire successful propagation.
There was LA data available to compare across 17 pati€htye are nambvious

commonalities of trend patterns when individual patient dataigrrogated(Figure
2.24, A)
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Figure 2.2 Phenotype data across time points for patients with matched samples

Line graphsillustrating changes of phenotype in patients with matched
samples; each colour denotes an individual patient.Aspheroid fanation,
B, colony forming efficiency an@, migratiorindex
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When unsuccessful propagation samples were rem@edamples fromi 1 patients
remained. Of thes® had 1 additional sample (5 with RE1, 1 with RE2a, 2 with RE2b,
1 with relapse); lhad 2 additimal samples (RE1 ariRE2a); 1 had 3 aduiinal
samples (with RE1, RE2a aR&2b).For these samples comparisons for CF and
migration could be made. CF data was available faaatiplegFigure 2.24, Gnd
migration data was available for 24/25 samp(Bgure 2.24, B)allowingcomparison
across 10 patientsSimilar to the LA data, there were no obvious trends for the

colony forming €iciency or the migration index.
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2.4 Discussion

A total of 99 HR NB cultures were successfully enriched, propagated and
characterised from BM aspirates. These cultures showed heterogeneous expression
of NB markers both at a protein and RNA leirelitro cultures exhibited the ability

to selfrenew and migrate, again heterogeneously. These primary cultures are a
useful tool incharacterising metastatic NB cells, more informative than cell lines that
have been in culture for decades, becoming well adapted to culture and as a result

may differ genetically and phenotypically from the ori¢ffanet al., 2009)

GD» was selected as a marker to isolate NB cells for several reasons. Practically, the
cel surface expression of GBbn NB cell§Wuet al,, 1986)allowed for direct binding

of antibody to cells whout the need for permeabilisation of cells and importantly
no loss of cell viability, which means it was possible to propagate cells downstream.
Secondly, GBs a disialoganglioside present on the membrane of both primary NB
and metastatic circulating Bl cells(Swertset al,, 2004) with restricted expression

on normal tissugWu et al, 1986) GD has been exploited in treatment faviRD
(Navidet al,, 2010)and in other studies to isolate or identify NB metastasis in the
BM (Swerts et al, 2005, Abbasiet al, 2015, Merugu and Tweddle, 2017)
Heterogeneity seen across the infiltration of iwsitive cells (%) was consistent
when comparing these infiltration data to other groups with reported infiltration

rates 005-50% across 69 BM sampl@dbasiet al,, 2015)

However, Gbis reported to be expressed on other cells that may be present in the
BM, such aMSCsand naural killer cellgMartinezet al., 2007) Furthermore, studies
have shown that in rare cases some BM NB cells do not expresR&Z9].To
prevent the loss of GIhegative NB cells, in my studies | raed the GD negative

cell fraction and tried to propagate tumour cells from this fraction. It is important to
note that GD presenting cells such ASCsn the BM have a different morphology
and growth conditions differing from those used to culture NBsc&l&E staining of

GD negative cells revealed multi and-lobed nuclei, indicative of neutrophils,
eosinophils and basophils, although no cells were successfully propagated in the

culture conditions adopted.
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Predictive value of NB cells in BM was asedsy several metrics. There was no
predictive significace when utilising propagation data, but the GIhfiltration
percentage significantly predicted outcome when assessing EFS. Patients whose
infiltration of GD positive cells was above 6.5% had a m@oooutcome (p=0.01),
although not significant when using OS data (p=0.07) the same separation trend was
seen. Quantification of NB cells in the BM is reported in other studies to predict
outcome, patients with a larger tumour cell burden within the BMdicéed to do

worse(Seegeket al., 2000, Corriast al., 2008)

The isolation of NB cells from BM has been explored by other groups, some groups
rely on removal of normal BM cells or the increased-satewal abity of NB cells
with no selection(Hansfordet al, 2007b) A consistency across many studies is to
first remove the red blood cells, here we use erythrocyte lysis buffer, many other
studies utilise lymphoprep, a density gradient technique to give a fraction of white
blood cells, including NB cells, to be pipettedm the tube (Abbasiet al,, 2015)
Several other studies also exploit £23 a marker of NB within the B{@wertset al.,
2005, Scaruffet al., 2012, Abbaset al., 2015 Merugu and Tweddle, 2017)n
addition to the use of GDseveral groups exploit NCAM as an alternative or
additional marker(Vandewoestyneet al., 2012, Abbaset al., 2015, Merugu and
Tweddle, 2017)NCAM exprssion was recorded in 37/66 cultures, however, as a
marker of differentiation NCAM expressing cells will be more differentiated and in

turn less aggressive ce(M/interet al,, 2008)

Many of the aforementioned sdies isolating NB cells from BM used cells at
separation for analysis, ther@re fewer publications reportingn the isolation and
propagation of BM NB cel($¢lansfordet al., 2007b, Nakanistst al., 2007, Scaruiff

et al, 2012, BateEyaet al, 2014) There are also a selectioof studies of
propagation of NB cells from primary NB tissue. Magnetic bead isolation was used in
this study as it allows separation under sterile conditions, reducing the risk of
infection in downstream culture, also advantageous is the high cells viability after
separation. In primary NB cells isolated from tumour tissue the same approach was
used, conversely to remove lymphocytes, the resultant NB cells were reported to

have a normadherent culture phenotype(Nakanishiet al, 2007) Nonadherent
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culture was not established in any of the primary cultures, in samples where floating
groups of cells were seen viability was assessed using tryparatdle Neubauer

haemocytometey and no viable spheroids were seen in culture flasks.

Further to the NCAM staining described above,, @Dsitive cells were also
characterised to give additional confidence in NB isolation. Immunocytological
assessment of adddgnal markers TH, PHOX2B, nestin, MRP1, MRP4 and CD57
showed heterogeneous staining. CD45 was utilised to ascertain no infiltration of BM
leukocytes, this marker has been implemented in other studies as a negative
selection(Komadeet al, 1998, Hansforet al., 2007, Merugu and Tweddle, 2017)
Nestin was not expressed in all cultures as reported in some st(idastord et al,,

2007 this may be as some cultures are more differentiated and therefore express
less of the neural stemness marker. Fewer samples expressed CD57, indicative of
increase aggressive phenotype including invasiveness. This occasional detéction o
CD57 is reported in other studies analysing expression of NB cell within tiieBit

et al, 2011) The multidrug resistance proteins MRP1 and MRP4, associated with
poor outcome in NB were detected in all saegphlnalysed. Although documented

as a NB marker it is worth noting NB84 was not used in this panel as a preliminary
selection of samples showed no positivity in accordance ltghature (Bomkenet

al., 2006) suggesting that NB84 is an unsuitable marker for BM NB cells.

TH is the rate limiting enzynfer catecholamine biosynthesia,feature of NB, and

the presence of TH mRNA confirms infiltration of NB cells in the blood and BM
(Burchillet al., 1994, Trageet al., 2003) TH mMRNA asdetected in all culturedNB
samples, however there was no detection of TH protein when cytospins were
analysed using immunocytology. PHOX2B is a gene involved in earlypohegst of
nerve cells and is a putative NB mari@attynet al., 1999) protein was detected by

immunocytology in 41/65 culturesub no mRNA was detected by RTqPCR.

Consistent with the potential of NB cells in tB# to metastasise and produce
tumours, all samples had the capacity to migrate arete capable of selfenewal

assessedisingin vitro models.It may be hypothesised thdhose patients whose
cultures show the greatest migratory or sednewing phenotype will give poorest

clinical outcome. Upon assessment of survival and response data with phenotype



-89-

characteristics, the migration index was not predictive of survigahidh self
renewing phenotype, when assessed using the CF assay, is predictive of increased
survival, contrary to the hypothesis. This correlation may be due to cells with greater
turn over, or high selfenewal are patients that will show greater cell deatledo

the activity of chemotherapeutics used to treat patients within the HR trials.

All theHR NB culturewere able to migrate an85% ©8/73 of diagnostic cultures;
20/20 later time pointy were more migratory than the S¥SH(control). SKN-SH
cellswere derived from a NB metastasis to ti&M, as were the samples. Perhaps
continued culture reduces the migratory phenotype within the cells, as thN-SK
cellswere derived in 1970 and during these studmes/e been passaged upwards of
30timescomparedwith 3-8 for the primary NB cells. One stuidpking at migration

of NB cell linesised a chemotaxis chambalso assessing the invasiveness of cells
which is not directly comparable to the 24 well plate assay used in this @tydgh

et al, 2012) A wound healing assay assesses the ability of cells to migrate across a
scratch made in a confluent well. This assay was used to assess the migratory ability
of NB cell lines, it was shown thisity CNamplified cells hadarger migration ability
(Gangodaet al, 2015) SKN-SH cells are neMYCN amplified and MYCN
amplification is not present for all HR NB patienpgrhaps this explas the
heterogeneity seen across migration ind&ke 5samples that did not have a larger
migration value than the control cell liveere all derived from patients withldYCN

amplified tumour so it may be other genetic factors responsible.

The heterogeniy of results from the CF assay fits witte clinical presentation of
BM disease in NBwhichis hugely variabléOra and Eggert, 2011¢ven withn
children that have HRdisease(Vipreyet al, 2014) Both sdf-renewal assays are
limited by the challenge to replicate the BM microenvironment, a more informative
assessment of sefenewal would be to testhe ability of isolated cells to produce
tumours and metastasise usinig vivo subcutaneous and colonisatiomouse
models Interestingly, one study reportsigher serenewal ability oHRsample to
low-risk; selfFrenewal capacity of tumour celgas assessethrough the limit of their
sphere formation in liquid cultureecorded in number of passagédansfordet al.,

2007b) The HR NB samples were reported to undexgonedian of 6 passages, with
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the maximum 15. Tése data aresimilar to culturing tendencies of the BM NB cells

in this study, where most cultures would begin to senesce before reaching passage
20 (data not shown). Although there are several NHR NB cultbaepropagated

these were not assessed for colony formieificiency, however this provides an

interesting possibility for future investigations

The NHR samples were assessed forreeéwal using LA spheroid formation.
Analysis between HR and NNIBshowed no difference in the ability between the
groups to produce spheroids. This finding perhaps reflects the similarities of cells
residing within the BM, that they are a similar sub section of cells from the NB
primary tumour exhibiting similar phenotgpThe presence of NB cells within BM is
contradictory to a diagnosis of NHR NB as the INRG task force states patients with
widely disseminated disease to tB& should be staged as [Wonclairet al., 2009.

Within the M stage, unless under 18 months, patients are categorised as HR. Patients
that are under 18 months at the time of diagnosis with BM metastasis are designated
a unique risk stratification, 4S, of the diagnoses in the NHR NB group 5 were classified
as 4S. Perhaps these findings illuminate pitfalls within the current strategies to

determine metastasis to BM in children with NB.

Proposed further studies would have included expanded characterisation of isolated
BM NB cells to explore other phenotypes imtihg the sensitivity to therapies.
Response to common chemotherapeutics such as vincristine and doxorubicin, as
used in the HR NB trials may have highlighted cultures with a higher drug refractory
phenotype. Patients with low drug refractory phenotypes niieyhypothesised to
show the best response in clinic. As described above the potential to better
characterise the migratory and sed#newing phenotypes may be considered in

future studies.

As discussed above, different confirmation of NB status of casbeen used by
other groups. These additional characterisations may have been added at either the
initial separation stage, perhaps to assess the purity of isolated positive cells, or
throughout passage to ensure cultivation was of NB deéishaps a smbamount of
isolated cells when in splus may have been used for flow cytomeagalysis of

further expression markers, or including £30 assess purity of isolated positive
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cells. BM was analysed using the Imagestream imaging flow cytometer for the
presence of disseminated tumour cells using markers &ld NCAMMerugu and
Tweddle, 2017) This characterisation does not allow further cultured as the
methodology requires fixation, and therefore a surplus population of cells would be
necessary. Unfortunately interrogation of cell counts eluded the higher the number
of cells the more likely the success of propagation, therefore removing cells from the
culture flask may result in decreased propagation success. Thus hindering the aims

of this study, namely to isolate and characterise NB cells from the BM.

There are not many genetic changes present in NB, therefore further
characterisation of epigenetic regulators was explored, focusing on miRNA
expression. This choice was informed by theemidaching effects of miRNAs. To
profile each culture for miRNAs would allow interrogation of the drivisctors
behind the aggressive phenotypes, illuminating key pathways or targets for novel

treatments.
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Chapter 3miRNA profiling oNBcells isolated fromBM asirates

3.1 Introduction

MiRNAs regulate multiple cellular processes to drive the development of cancer,
including NEGuoet al,, 2010, Tivharmt al, 2012, Stigliaret al., 2015, Zhaet al,,

2015) The ability ofa single miRNA to modulate expression of several target genes
might be exploited in the clinic to develop more personalised therapeutics, selecting

LI GASYyGaQ F2NJ GNBIFGYSyd ol &SR 2y SELINB&A
agents targeting thosencogenic miRN&\Such an approach might be more specific

leading to reduced toxicity in patientBy interrogating miRNA profiles of NB cells

isolated from the BM of children witiRNB | havehypothesised that oncogenic

miRNAs driving aggressive phenagpnay be identified. In turn these could benefit

LI G A Sy GaQ chnial strafifiGhiiBnghll no&| therapeuticdevelopmentto

eradicateBM disease

There is great potential within NB for both single and multiple miRNA signatures to
inform diagnosis stratification or to monitorLINE INBaaA 2y 27F LI 4A
Stratification of patients using miRNA profiles has been explored within NB, with
signatures significantly linked to each stage or risk category, and within stages to
further identify poor suvival patients, unlikely to respond to treatment. WithiR

patients several miRNAsave ben identified that aredown regulated in patients

with increased survivgScaruffiet al,, 2009) These miRNAs targgenes implicated

in neuronal differentiation, with reduction in these miRNAs leading to increasing
differentiation in the cancer and herefore increased survival; more highly

differentiated cells is indicative of a good prognosis.

The miRNA profile of tissues and tumour cells can be evaluated using different
detection platforms including RTqgPQ¥anoString technologyhybridisationbase
arrays and miRNA sequenciniGit et al, 2010, Foyeet al, 2017) The most
frequently adopted approach is using RTqPCR, which ignesedly, requires small
amounts of good quality RNA, and has a high dynanmgeand a reasonably high
throughput. The TagMan® Low Density Ar(@y.DAThermo Fisher) usa 384 well

format to assess expression by RTgPCR7@fannotated miRNA targets, 3 small



-03-

nucleolarRNASsnoRNApne in triplicate)and 1Arabidopsisthaliana miRNA (as a
negative control wellas shown in Appendik ThesaniRNA TLDAsgere chosen for

this study for several reasons (above) and importantly because they measure
expression of annotated miRNAs, to allow unambiguous interpretation of results and
the design of downstream validation of targets. Downstream analysis can be used to
inform inhibitor experiments, and biological validation can confirm mechanisms of
pathogenesis. Furthermore, this platform has been utilised within the SIOPEN clinical
trial, anaysingPBand BM aspirates of children on th¢RNB trial, it was therefore
beneficial to keep the platform standardised to allow analysis across different
samples types (Chaptd). However the normalisation of miRNA expression presents
a problem in analyss of this kind, since there is not a universally accepted reference
mMiRNA. Examples of RNAs that have been used to normalise results inclu& mir
mirr26a, andsnoRNAs such as U6 add8. Different criteria for normalisation and
interpretation of data an affect reproducibility and clinical evaluation of miRNAs. It
was therefore essential that | design and validate a work pipeline to quantify miRNAs
in NB cells and establish the best normalisation method to ensure the qualityaf dat

used in statisticahnalyses.

In the previous chapterhavecharacterised the phenotype of NB cells isolated from
BMaspirates at diagnosi3 hese cells are highly migratory and-setiewing. Within
this chapter my goal was to profile the miRNAs of these cells to investibair

biological heterogeneity anthe functionalsignificance of expressed miRNAs.
The aims of this chapter were therefore:

1. To investigate the expression of 377 annotated miRNAs in a panel of 50 NB
primary culturesderived from BM aspirates

2. To cevelop sandardised pipelines for optimal analysisd interpretation of
results

3. To identify miRNAs driving migration and geliewal in NB cells

4. Tofunctionallyvalidate the miRNAs identified as significantly lohke

migration and selfenewal
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3.2 Materials and méhods

3.2.1 Profiling miRNA expression in primary NB cultures using TLDAs

PrimaryBM derived NB cells (n=60)from a 70% confluent T75 flask were pelleted
after trypinisation(Sectior2.2.5.1) and stored at80°Quntil used for RNA&xtraction.

3.2.1.1 RNA extraction, quantification and quality assessment

RNA was extracted from NB BM cell pellets using the miRNeasy mini kit (Qiagen) and
assessed for quality using the kegit RNA 6000 Pico kit (AgilénEor analysis using

the miRNA TLDAhe RNA concentration needed to be equal to or greater than
MHp Y 3Ha that 400ng of RNA could be analysed on each platfter
spectrophotometric measurement of nucleic acid quantity samples that were not at

a high enough concentration were further concernéd using the RNeasy MinElute
Cleanup Kit (Qiagen).The small RNA content of the extracted total RNA was assessed

using the Agilent small RNA kit (Agilent).

3.2.1.1.1. Extraction of total RNA from cell pellets

RNA was extracted from cell pellets using the miRNeasy kitinall buffers are

company proprietary. As depictedfiigure 3.1A, the cell pellet was respended in

Tan>t vL!I T2t o6vAlF3aSy0o FYyR @2NISESR (2 Sy
temperature for 5 min. The lysate was passed through a QIAshredder (Qiagen) spin
column, centrifuged at 1,800y for 2 min, to ensure complete homogenisation.

Chlo2 F2NY o6mnn>f0 é6la I RRSR G2 GUKS feéealdas
handfor 15s. The sample was then centrifuged at0D®g for 15 min at 4°C. The
supernatant was carefully aspirated from the cell pellet and added to an equal
volume of 100% ethaol and mixed by pipetting, it was then added to a miRNeasy

spin column and centrifuged for 15s g080g. The flow througfFT)was discarded

FYR GKS O2fdzYy o6FaKSR o6& | RRAY3006gdan>f 27
15s. To eliminate any contamitah Yy 3 ISy 2YA O 5b! X yn>ft 0dzF-
deoxyribonucleaseONas¢ | (Qiagen) was added to the column membrane and
incubated for 15 min at room temperature. The column was further washed by

I RRAY 3 0dzZF FSNJ w2 ¢ 06 q0P0y fof Hs,the FTRasdBGaylédNA F dz3 ¢
L dzZFFSNI wt 9 Spnn>ft0 41 a | RRSG00gi® 158 & O2f
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FTwas discarded and the same volume of RPE buffer was added to the column and
centrifuged at §00g for 2 min. The column was placed into a freslkection tube

and centrifuged at 1®00g for 1 min to remove residual buffeRNasdree water

0 o nQidgen was added directly to the membrane and centrifuged for 1 min at
8,0009 to elute the RNA. To increase the yield of RNA, eluted water was pipetted
back onto the membrane and the column wascentrifuged at §00g for 1 min.

The concentration of RNA was measured as described in S8c®dnl.2 aliquoted

in single use aliquots to avoid freeze thand stored at80°C

When the RNA concentration wéess than 125ng/pikt was concentratedisingthe
RNeasy MinElute Cleanup Kit RIRgre 3.1B). RNA (28ul) was added to 70pl of
RNase free water, 350l of buffer RLT and 700pul of 100% ethanol and mixed well by
pipetting. Upto 700ul of the sample was added to an RNeasy MinElute spin column
in a 2ml collection tube and centrifuged for 15s @4@gq, theFTwas discarded. This
step was repeated until the entire sample had passed through the spin column. The
column was then pleed in a new 2ml collection tube and 500p! of buffer RPE was
added to the top of the column which was then centrifuged &08g for 15s. The
FTwas discarded and 500ul of 80% ethanol was added to the top of the column
which was then centrifuged for 2 mat 8,000g. The spin column was placed in a new
2ml collection tube and centrifuged at T®0g for 5 min to remove excess buffer
from the column. The column was placed in a new 1.5ml collection tube and 14l of
RNase free water was carefully pipetted intbet centre of the spin column
membrane. The column was centrifuged for innat 13000g. The eluate was
collected and the RNA concentration determined as described in S&c#dn1.2 If

the RNA concentration was still insafént (<125ng/ul) after concentration RNA was

extracted from a second cell pellet

3.2.1.1.2. Assessment of nucleic acid quantity and quality

The concentration and purity of RNA was measured using the Nanodrop (Labtech
International Ltd). The Nanodrop anvil surfagas cleaned with RNase free water
and the machine was corrected to zero using RNase free water. The Nanodrop was
then loaded with 1ul of RNAolution and the concentration of RNA (ng/ul) was

recorded. The absorbance of nucleic acids at 260nm and 280nusadgo calculate
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the 260/280 ratio for each sample, if this value was betw&dh2.1 this indicated
the sample was free from contaminants. The quantity of RNA was determined
assuming an absorbance of 1 at 260nm was equivalent to an RNA concentration of

nx3AKYE 60t Od | (Biger, 2083) y3 . SSNDRA | ¢

Cells lysed in QlAzol and passed  Lysate centrifuged at 12,000g for Added 5251

Cell
through QlAshredder then 140l 15 min at 4°C, upper aqueous
pellet chloroform added to lysate phase retained 100% ethanol
<\ / <\ ! 7
A —> —> —> —> —> —> -1
\/ \VARRVA I\
Sample
Column placed in a new . Column washed then passed
Column washed once in ) ) through
tube. 30ul RNase free water RWT then twice in RPE incubated in 80ul of RNeas
added to elute RNA DNase for 15 min colum:

X2
/ /

vV VOV VLV VYV

RNA was quantified and stored at -80°C in 5ul aliquots

If RNA concentration <125ng/ul:

14pl RNase free

water added to
elute RNA

70ul RNase free water  Sample passed Column washed with 500l
and 250p1 100% through RNeasy RPE then 80% ethanol
ethanol added to RNA  MinElute column ?

kLol

RNA was quantified and stored at -80°C in 5pl aliquots

'

Figure 3.1RNA extraction and concentratian

A, extraction of RNA using miRNeasy mini kit; B, concentration of RNA using
MinElute kit All buffers are company proprietary.
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The AgilentRNA 6000 Pico kit was used to assess the qualitptaf RNA in all

samples by measuring the RNA integrity number (RIN) which is measured on a scale

of 1 (represents degraded RIN# 10 (represents good quality RNA)e RIN was
developed using adaptiveedrning tools and uses several factors including signal

areas, intensities and the ratio of 18S and 28S bands from the electropherogram
(Schroedeket al., 2006) RNA was diluted in RNase free water to a concentration of

5ng/ul and heated at 70°C for 2 min prior toadysis. The RNA dye concentrate was

g1 NY¥SR (2 NB2Y GSYLISNI GdzNBE F2NJ on YAY 0S8
added to an aliquot of prepared gel and vortexed well. The gel dye mix was
centrifuged at 1300g for 10 min. A new chip wa®ckedonto the chip priming

aalr adAaz2y I yiye mispwas adfetl to 8 6* port. The chip priming station

was then closed and the syringe sealed and compressed to distribute théhigel
wasNBf S AaSR I T3 SNJ m-dyeinix was hoded ioW@ENNS pgrgntl 2 ¥ 3
p>t 2F O2YyRAGAZ2YAYy3I az2fdziAz2y 61 4 | RRSR
addedtoportsimm= YR GKSy wm>ft 2F | &l YLXS 61 &
M>f 2F fFRRSNJI (G2 GKS [ LERNI® ! FdzNIKSNI
did not contain sample. The chip was then vortexed for 1 min,48@revolutions

per min ¢pm) on the IKA vortexer (IKA, catalogue number 3617036, Oxford, UK) and
loaded onto the Agilent Bioanalyser 2100 (Agilent). The chip was analysed using the
2100 expet software (version B.02.08.S1648 (SR3), Agilent) using the eukaryote total

RNA pico assay settings.

The small RNA kit (Agilent) was used to quantify the miRNA concentration and
percentage of miRNA in the small RNA of each sample. RNA was diluted in RNase
free water to a concentration of 5ng/pl and heated at 70°C for 2 min prior to analysis

on the Agilent Bioanalyser 2100. All reagents were warmed to room temperature 30
YAY 0ST2NB dzaS® CAft G0SNBR 3ISt onn>fto0 ¢l a
thoroughly by pipetting. The tube was then centrifuged af008g for 10 min. The

small RNA chip was then loaded in the same way as the Agilent RNA 6000 Pico kit
described above. The chip was analysed using the 2100 expert software using small

RNA v1.2 assaytseags.
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3.2.1.2 Conversion of RNA to cDNA usiRJ Y R a S 3 primdrsS E u

Total RNAvas diluted in RNase free watso that each sampleontaired 400ng in
a volume of 3.2ul. To each sample reagents from the TadgldinroRNA Reverse
Transcription Kit{Thermo Fishg and MegaPlex Primers Pool A vA.higrmo Fisher
were addedaslisted inTable 3.1

Table3.m /| 2YLRYySyia Ay (GKS aS3altftSEu we NBI
lff NBIF3ISyda oSNB a2dz2NOSR FNRY ¢ KSN)Y?2
v.2.1 contains predefined primers to beasswith themiRNATLDA human A

card, enabling simultaneous synthesis of cDNA for 377 mature miRNAs, 3
snoRNAs and the negative contAshbidopsighalianamiRNA

Reagent Volume per Concent_ration in the
sample ) reaction tube
aS3ttt SExn wcAVRNROY) 0.8 1.06x
dNTPs with dTTP (100mM) 0.2 2.6mM
MultiScribeRTé p n | kK > f ( 15 75U
10X RT Buffer 0.8 1.06x
MgCh (25mM) 0.9 3mM
wbl a8 LYKAOGAQG? 0.1 2U
400ng total RNA in RNase free wate 3.2 -
Total volume 7.5 -

The contents of each tube were mixed by pipetting and puoksatrifugedto bring

the tube conents into the bottom of the tube. All samples were then chilled on ice
for 5 min. The samples were then placed in the thermal cycler TC500 (Techne, Bibby
Scientific LtdStaffordshire, UK) and ruhrough 40 cycles of P& (anneal)x 2 min,
42°C(RT)x 1 min, 5°C(denature)x 1s; the sample was then held for 5 min at@5

(terminate reaction)and finally at 4C. The cDNA was stored-80°C until used.
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3.2.1.3 RTgPCR using miRNA TLDA human A card to assess expression of 377
MiRNAs

The miRNA TLDA was used to ipeoB77 annotated miRNAs,sBIoORNAs (U44, U48
and U6) and JArabidopsis thalianamiRNA in 8 (6/60 insufficient RNABM NB

primary cell cultures.

The miRNA TLDAwere allowed to equilibrate teoom temperaturefor 30 min
before use. Then, 6ul of cDNA waddad to 444ul RNase free water and 450l
TagMam® Universal PCR Master Mx AmpErase UNQ'jermo Fishgrand mixed
gently. Next 100ul of this mix was added to each of the 8 ports of the miRIDA
card. The array card was then centrifuged @0g for 1min. The entrifugation
step was repeatedThe array card was then sealed and the ports were removed and
the miRNA TLDwas run on the 7900 HT Fast R€ahe PCR Systeifihermo Fishgr
using the SDS 2.4 platforifilermo Fish@rorusingthe Quan{ { dzR AK2Flex Reai
Time PCR System (Thermo Fisher). Prior to PQRifti¢A TLDWas heated to 95°C
for 10 minto activate the AmpliTag Gold® DNA polymertmn the sample was
amplified for 40 cycles of 95{@enature)for 15s and 60°Gnneal and extendpr 1

min.

The data were exported to and opened in RQ Manager 1 Phertmo Fisherif
analysed using the 7900 HT Fast RedlYS t/w {@&adSYy 2NJ vdz
Software v1.2.2ThermoFisheér > A ¥ G KS v dzl ¥ GHinme®BRASIsEEmM H Y

was used.
3.2.2 Analysis d raw miRNA profile data

Within the analysis software the amplification curves were visually inspected to
ensure good S shaped curves with clear initiation, exponential and plateau phases
Quality control flags were checked for each welhd mrticular atention was paid

to BADROX(indicates bad passive reference signal, when thearboxyx
rhodamine (ROX referencesignal is abnormaland PRFDROgNndicated when
passive referere signal changes significantly near the cycle thresi@ilf{ags, the
ampification curves and multicomponent plots of any highlighted wells were visually
inspected to evaluate if the data were to be included in downstream analysis. If the

amplification curve for that well was not of good quality it was omitted from analysis.
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It was also omitted from analysis if the multicomponent plots did not show stable
fluorescence of ROX, the reference fluorescence as this value is used to determine

(KS kwy @ItdS 6KAOK Ay G(dNY RSGSN¥AYSA

The Ct values were derived using an autombdiseline and a manual threshold set

to 0.2nRn, this threshold was chosen as all amplification curves crossed this point in
exponential phase. Amplification data were exported and saved as .txt files for
downstream analysis. Data was stored in two plaéesa secure folder on the
University N drive server and in the Cloud server providedih®rmo Fisher; data is
backed up irboth sites. Data were checked against the criteria depictédgare 3.2

to identify failed miRNA TLDAwhich were excluded from denstream analyses;
mMiRNAs with a Ct value >35 were denoted as not expresisegwhen Ct values
reach 3540 the results arenot reproducibly detected (Thermo Fisher
recommendation(Guthrieet al., 2008, Cheet al., 2009, Vipret al., 2012, Jorget

al., 2017).



-101-

(s )
y

Check quality control flags BADROX and PRFDROP, visually inspect the multicomponent plots
of any highlighted wells to ensure the ROX signal was stable. Wells containing unstable
reference fluorescence were omitted. Omit any arrays where ath-miR-159 amplified.

|

Omit arrays where all
wells have Ct value of
>35

U6, U44 and U48 Ct
values <357

Is U6 Ct value <357 No

Yes

Exclude datafrom
downstream analysis

Are there >100
miRNAs expressed?

Are the
amplification curves
of good quality?

Is the global mean
<317

e Yes

Include data in

downstream analysis Yes

Figure 3.2Quality control workflow for miRNA TLDA data

BADROX indicated a bad passive reference signal. PRFDROP indicated a
significant change in the passive reference signal near the cycle at thhic

values was determined. U6, U44, U48 are the snoRNAs. This workflow ensured
only experimentally sound data was taken forward into the statistical analysis

3.2.2.1 Optimisation of the best normalisation method

A miRNA was accepted as expressed if the I0ewaas less than 35. Ct values were
analysed using the open source programming software, R (Bioconductor software, R
Core Team, Vienna, Austria). To determine the best normalisation mettredted

anR scripto normaliseCt values using the global me@he average of all expressed
mMiRNAs within eactniRNA TLDAInd eachreference on theniRNA TLDRJ6, U44,

U48) to produce delta Ct valuepGt, calculated as shown below)Ct values are

equal to the difference in threshold cycles for the target miRNA and reference, in



-102-

this case global mean. These values were used to generate box plots, allowing
visualisation of data and calculation of thestard deviation across the median Ct

values for each set of normalised data.
k/ G ' [/ G cOt@dfereMce)wb ! 0

Normalisationwas also evaluateth data kindly provided bfpr Maria Corrias from
the Giannina Gaslini Institutevhich includedniRNA profés from the miRNA TLDA
human A and B casd Both NB primary tumour (42) and BM NB cell profiles (f&2)
were provided.This additional data allowed validation in both an independent

cohort and differentmiRNAexpression panel
3.2.2.2 Bioinformatics to visualis miRNA expression profile patterns

The nCt values weraused to generate éat maps using the online tool ClustVis
(Metsalu and Vilo, 2015)The data were clustered hierarchically for both miRNAs
and miRNA TLDsA\(DH'haeseleer, 2005)Similarity metrics used were Euclidean
distancefor miRNAs and correlation for miRNA TEP&#ll data were clustered with

complete linkage.

Principalcomponents anafsis was performed usingCtvalues with no scaling using
singular value decomposition (SVD) imputation performed by the onlimleGlustVis
(Metsalu and Vilo, 2015PCA helps teummarise data with minimum characteristics
by identifying measurements that are related and therefore redundant.sRlagre
generating using principatomponent (PC) 1 and PC2 as the axis to visualise
subgroups within the data set. These two methods wemnbined to identify

significant clusters or groups that were isolated in both analyses

3.2.3 Identification of enriched pathways in primary NB cells using

MIRNA expression

Analysisof miRNA profilesvas wsedto identify enrichedregulatorypathways in NB

cells. The functional value of this approach was evaluated by examining the effect of
inhibitors to one enriched pathway on NB viable cell numk&xpression of 103
mMiRNAsn 50 NB BM celamples were included in the pathway analyss)oRNAS

U44,U48 and U6 SNBE NBY2QOSR® ¢KS @SN 3IS p/ad o6y

and standard deviation across the 103 expresseiRNAs were calculated. The
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mMiRNAs were then ranked first from highest to lowest expression and then by
variation using smallest to highesttandard deviation After ranking the top 10% of

the list wereused inpathway analysis.
3.2.3.1 Identification of enriched pathways using rRPath

The top 10% of ranked miRNAs were usedlentify potentialdownstream targets

by revealing thebiological pathwayshat had enriched p-values using the DIANA
miRPath pathway analysis wederver(Vlachost al., 2015)andKyoto Encyclopaedia

of Genes and Genomes (KEGG, Kanehisa Laboratories, Japan). \RErathrthe

data was analsed using pathways union which takes all significantly targeted
pathways from the miRNA list given and performs an enrichment analysis for each
pathway to miRNA, generating an enrichmentvgdue. Merged pvalues are
calculated for each pathway using FisSHB & 9 E-an@lisis, Walies represent
1-chance of pathway being enriched in by at least 1 miRNAved usingan A
Posteriori analysis method. Analysis was performed using validated gene targets
derived from Tarbase. Results, including KEGG pathamae nenrichment pralue,
number of mMiIRNAs and the number of gene targets involved in each pathway, were

exported as .csv files for furthewvaluation.
3.2.3.2 Targeting PI3K pathway in primary NB cells

The PI3K pathway was identified as significantly enriché&@MnNB cellsising the
approach described abovdo assess thebdity of the miRNA TLDA and rRi&h
analysis method to identifyunctionally relevant pathwayshe effect of two PI3
kinase inhibitorson cell viability wagvaluated, alone and in combinatiavith the

doxorubicin.

Two PI3K inhibitors were selected; PI1103 (296b, Cambridge Bioscience) and
LY294002 (9901, New England Bioléi&B Hertfordshire, UK (Vlahoset al.,
1994). Both inhibitors have been utilised in studies using NB cell (T@mseret

al., 2007, Segerstromt al., 2011) additionally LY294002 was used in a phase | study
for children with relapsed or refractory NB (NCT0233730@ckSolutions of each
inhibitor were prepared at @oncentration of DmM in DM5O. Doxorubicin (Sigina
was prepared as 8.4mMstock solutionn deionised distilled wateand stored at
20°C



-104-

SHSYY (control NB cell line) and 3302 (BM NB primary culture) wareekted
(Chapter 2, SectioR.2.5.), see@dina6s St f t NAYF NA | n LX4 GS
and 2x10 cells per well respectively and incubated overnight to allow cells to
adhere. Cells were then treated with inhibitors P110325-2 micromolar (4M) or
LY294002,1-16uM alone or in combinatiorwith doxorubicin (7.5120nM). All
treatments were performed in triplicateCells were also treated with thBMSO

vehicle(controlg) andexperiments were carried out dhree independenbccasions.
3.2.3.3 Measuring viable cell number: Automated ¥ell

Viable cdl number at 72h was determined usitige trypan blue exclusion assan
the automated \Acell. Cells were harvested, asepiously described in Section
2.2.5.1and resuspended in 0.5ml fresh medfn equal volume of trypan bé was
added to the celsuspensiorwhichwas then analysed on the-@ell. Viable cells are
identified byclear cytoplasm and cell sizthe size of cells was set to deteblB
primaries andthe SHSY%Y control NB cell lineViable cell number is calculateas

number of viable cellg1C°/ml.
3.2.4 Statistical analysis to identify miRNAs predicting phenotype

ThemiRNA expressioprofiles of50 BM NB celtultures wereanalysedo identify
any relationship between miRNAs and migration or-ssiewal as measuredsing
the CF assay (Secti@r2.6.9 or LA assay (Secti@.6.]).

Logistic regression was used to analyse the data using a binary flomaiiRNA
expressionMigration and selfenewalof the sane 50 BM NB celiwasused tocheck

for any associations betweenhigh/low migration or seHrenewal with
presence/absence athe 377 annotatedmiRNA. Samples with a value over the
median were denoted as 1 for the phenotype, those with a value under &s 0.
previously described eniRNA was accepted as expressed if the Ct value was less
than 35 miRNAexpressed were denoted as 1 and those not expressed (Ct value >35)
denoted as OLogistic regression was performed by Professor Walter Gregory using
Stata (SteaCorp. 2017 Stata Statistical Software: Release Tolege Station, TX:
StataCorp LDC BenjaminiHochberg multiple testing correction was useA.

significantadjustedp-value threshold of 0.05 was used.
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Linear regression waalso used to analyse the da using a continuous variable
format. Expression levels of 377 miRNAs from the profiles of 50 BM NB cells were
tested for correlation with migration and both low adherence and colony forming
seltrenewal ability Once agaiBenjaminiHochberg multiple teting correction was

used to correct foithe false discovery rateA sgnificant pvalue threshold of 0.05

was used.

3.2.5 Validation of differentially expressed miRNA using Assay
5SYFYRu we¢ljt/ w

Assayon-5 S Y | y RuD; Bhermo Fisher) use the same primer gdbe sets
utilised in the miRNA TLDA but are used for single assay RTER&RmMental
validation was essential to ensure the results from theRNA TLDA were
reproducible, as the assay on demand havdgher sensitivity, thereforéow level
expressionthat may have given a negative result in theRNA TLDAnalysis
suggesting the miRNA is not present in the sample may be detectable in the
validation RTgPCR. miRNAs that fall under this would perhaps not validate as the
false negative would influence thegistic regression result with more samples in the

not expressed binary group than aaetually the case
3.2.5.1 Identification of a reference miRNA fok-0-D RTgPCR

To identify themost robust single contrahiRNAfrom the TLDA platformR script

from the normalisation analysis in Secti@®2.2.1wasadaptedto normalise data to

any miRNA expressed in all 50 samtesl03yp ¢ KS &k / G @I f dzS& 3ISy S
to calculatestandard deviatios across the median valuasrossthe 50 BM NB cell

profiles. Normfinder,was used to independently generate a list of candidate
housekeeping miRNAsIsing expression stability within thesample setto rank

candidate miRNAGANndersenret al,, 2004) The output contained the list of ranked

genes from most suitable reference teast. Standard deviains from both

approaches were combingd determine the best overall reference gene
3.2.5.2 Conversion of RNA to cDNA using RT for analysis #ithD primers

mMiRNAs identified as significantly related to phenotypegration or sehrenewal)

were validated usingsingle tube RTqPCRissays The primer and probe mixes
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(Assayon-5 S Y | y Fhermo Fish@mwere the sameas those used in theiRNA

TLDA The same RNAxtract was used for both the miRNALDA and RTgPCR
reactions. miRBOb-5p (assg ID 000602 from Section3.2.5.) was used as a
reference miRNA and the NB cell line BE(2)C was chosen as a positive reference as
reproducible Ct valueistandard deviatior0.05 Ctwere produced for each miRNA

using 20ng RNAw ¢ ljt / w NB adzZ Ga 6SNB NBLER2NISR | a

equation.
Kk/ G0 I kqkiy G2 ILREHAIA XS O2y iNBE 0.9

MiRNAs 618 (assay ID 001593),-hfGassay ID 002285), 784 (assay ID 002324),
let-7¢-5p (assay ID 000379), 483p (assay ID 0@¥9), 3315p (assay ID 002233)
and 8855p (assayD 002296) were analyse®T reactions contained 20ng of total
RNA (diluted in RNase free water to 5ul), RT mix (components listedia 3.2 and

3ul of TagMan® assay specific RT primer. Each sample ines well by pipetting
then pulsecentrifugedto bring the contents to the bottom of the tube. All samples
were then placed on ice for 2 min and transferred to the thermal cycler TC500 and
amplified for 1 cycle of 16°C for 30min, 42°C for 30min, 85°Gxfor With final hold

at 4°C.

Table3.2 Components for miRNA-0-D RT reaction.

All reagents were sourced from Thermo FisAartal volume 7.fl.

Reagent Volume(ul) Concentration irtube
MegaPlex RT Primers (10x) 0.8 1.06x
dNTPs with dTTP (100mM) 0.2 2.6mM
MultiScribeRTo p n | K > f 15 75U
10X RT Buffer 0.8 1.06x
MgC} (25mM) 0.9 3mM
wbhl a8 LYKAOGAI 0.1 2U
20ng totalRNAIn RNase free wate 3.2 -

3.2.5.3 RTgPCRor expression of miRNAs significantly linked to phenotype

The cDNA (4.8ul) was addenl 67.21ul PCR mix; 3.6ul TagMan® small RNA assay
(20X), 36ul TagMan® universal PCR master mix Il (no UNG) and 27.61ul RNase free

water. Samples (20pl) werset up in triplicate transferredto a MicroAmp® fast
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optical 96 vell reaction plate (Thermo Fishgrand the plate sealed using a
MicroAmp® optical adhesive filifThermo Fisher)The plate was placed on the
v dzk y ( { { dzR X rRaktimenRCR sy$ténS(Thermo Fishand the reaction was
activated by incubation at 95°C for 10 min then 40 PCR cycles af 958C and 60s
at 60°C. Results were analysed with a threshold of 0.1 and an automatic baseline

dzaAy3 vdzr yi{{ddzRA2u MHY &a2Fd0s6l NS
3.2.5.4 Optimisation of miRNA single assay RTqPCR

The efficiencies of each of the assay on demand \assessed using serial dilortis

of 20, 10, 5 and 1ngf BE(2)C RNA in tH&T reactior(Section3.2.5.9. The results
were plotted on a scatter graplthe R square and slope were exported to calculate
the efficiency using the below equatioAmplificationefficiency percentages over

90% and under 105% were accepted as good
Efficiency (%) = (Xd/slore) x 100
3.2.5.5 Correlation ofmiRNATLDA and A-D miRNA expression

Expression of miRNAs from both imeRNATLDA and A-D experiments were both
normalisedtaniR30bp LI G2 Fff2¢ GKS 06Sad O2YLI NR &2
were plotted against each other using a scatter plot and a line of best fit was

generated, the slope and Rjuarefor each of these was noted.
3.2.6 HR NB miRNA survival analyses

The expressio of miRNAs identified as significantly linked to phenotype as
measured bymiRNATLDA and &-D were analysed forignificance with survival
RFEGF® YAwb! K/ G @It dzSa ¢ SNB-CoX)Adstf at ( SR
visualised as Kaplavieier plots using BSSEFSwas defined as the time from
diagnosis to the time of first evénfirst event could be relapse ateath, with
censoring atlate last seen for surviving patient8Swas calculated as the time from
diagnosis taleath, regardless of the number of/ents that may have occurredith
censoring at date last seeRatients without EFS or OS follow up data were excluded
from the analysis. Where the data was not binary cut offs were determined by
analysing each possible threshotte cut off with the beslog-rank chisquare being

usedd LYy GKS OFaS ¢6KSNB GKS YAwb! GSNB y2i
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3.2.7 Knockdown of miR618 in NB cell lines
3.2.7.1 Cell lines and tiase culture

NB cell lines were cultured asgviously described (Secti@?2.51). HEK293FT cells
were kindly donated by Professoradggie Knowlesand maintained in optimum
media(Table2.1). This cell line was chosen as itastfgrowing, highly transfectable

and produces high virditres.
3.2.7.2 Production of vector DNA

Plasmids MZIPOGRAL (pGreenPuro Scramble Hairpin control) and MZIF&4A&
(custom antimiR sequence targeting h$aiR618 cloned into CMMGFPT2Apuro-
Hl-amiR, SI5S05A1 vector) were purchased from Cambridge Bioscience the
plasmids wergorovided as 1ug plasmid DNA and as transformed bacteria in a stab

culture.

3.2.7.2.1 Transformation and expansion of bacteria in packaging and envelope
vectors

Packaging and envelopectors for generation of lentiviral particles, (psPAX2 and
pCMVVSVYG) were kindly donated biyrofessor Maggie Knowles, Lab 5, Umith
original sourced from Addgene (Cambridge, Massachusetts, USA). bile
competent cells (Stratgene, supplied Blgerno Fishey were thawed slowly on ice,
then 50ul was added to a rourabttomed polypropylene tube an80ng of each
vector DNA was added then inverted to mix. The cells were incubated on ice for 20
min then placed in a water bath at 42°C for 45s then back @& for 2 mirto allow

the DNA to enter the bacterigEach vector mix was added to 150ul Super Optimal
broth with Cataboliterepression(SOC) medi(20glitre (L) tryptone, 5g/L yeast
extract, 4.8g/L magnesiumsulphate (MgSQ), 3.6g/L dextrose, 0.5g/lsadium
chloride NaC), 0.19g/Lpotassium chlorideC), Sigma) then incubated at 37°C with
vigorous shaking for 10 mirallowing expression of antibiotic resistance before
adding to plate Transformed bacteria were streakedto Lysogeny brothlL® agar

plates containing 100ug/ml ampicillin (amp, Sigma) using a sterile inoculation loop
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Plates were inverted anthcubated for 16h at 37°C in a dry chamber (SaG{»
Incubator). For packaging and envelopetees, 1 stab culture was choseifhe
chosen culturefor each vector was then addetb a further 200ml LB medi
containing 100ugml amp and further incubated with vigorous shaking at 37°C for
16h. The bacteria were harvested by centrifugation @069 for 15 min (Avanti® J

26 XP Centrifug Beckman CoulterBuckinghamshire, Ukand the supernatant
removed to obtain bacterial pelletd~or both MZIPOO®PALl and MZIP61®PAL
vectors 6 single colonies were pickedm bacterial streak¢Cambridge Biosciente
using a pipette tip and placed in 5ml LB n@dontainng 100pug/ml amp Each
culture was incubated overnight at 37°C with vigorous shaking (approximately
300rpm, Innova® 4200, New Brunswick Scientific, supplied by Eppendorf UK,
Stevenage, UK). Minipreparation (Sect#@.7.2.3 of each culture was performed

to obtain vector for restriction digest toonfirm the identity of thevector.

3.2.7.2.2 Minipreparation of DNA

¢tKS @SOGi2NI5b! 61 & SEGNI OGSR dzaAy:al GKS
buffers are company proprietary. Brieflyhe pellet was resuspended in 200ul
resuspension buffer and vortexed to mix thoroughly. The solution was then lysed
using 200ul of lysis solutionnverted 8 times and incubated for 5 mat room
temperature This reaction was neutralised by adding 35@futeutralising solution

and inverted 6 times, debris was pelleted by centrifugation 30Q@g for 10 min.

The clear lysate was then added to a primed GenElute Miniprep binding column
centrifuged at 120009 for 1 mirandthe FTdiscarded. The column wagshed by
passing 750ubf washing solution througkhe column bycentrifugation at 12000g

for 1 min the FTwasdiscardedand the columrdried by centrifugation a3,000g

for 2 min. The GenElute Miniprep column was transferred to a clean collectien tub
and DNA was eluted in 100ul RNase free water by centrifugation,@00g for 1

min. DNA was quantified using the@nodrop (Sectio.2.1.1.3 and storedin single

use aliguotsat -80°C untirequired.

3.2.7.2.3 Restriction digest oDNA vectors
To confirm that the clones contained the correct vector a sample of each vector was

digested using restriction enzymeéMlul (NEB) and BamiHINEB) oiCld (NEB) and
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ScaHF (NEB). DNA wdsfrosted and 1ug was digested with either; 10U MIulJ20
BamHI inlX 3.1 buffer (NEB) or 10U Clal, 20U Scal HF in 1X cubsiff@ri{NEB) in
nucleasefree HO and incubated for 2h at 37°Gamples were analysed by agarose
gel electrophoresisAgarose (1% (w/v) Invitroggmvas dissolved in 150ml 1X Fris
Borate EDTA (TBE) buffer (90nakihoboric acid (Sigma) and 2mEDTA at pH 8) by
heating gently in a microwave. After cooling 3@fIDNA stain Nanec$20 (Sigma)

was added to the samp]e&o stain double stranded DNWhich wasmixedandthen
poured gently intod 2 NAT 2y n | 3 NP a S acbBliwasindeitedito 0 L y G A
produce sample loading wellg\fter the gel had solidified samples were loaded,
diluted 1:6 in gel loading buffer (0.4mM Ficoll (Type 400; Sigma), 17.3mM SDS,
0.4mM bromophenol blue (Sigma) éb.6mM orange G (Sigma) 1 kilobase (kb)

DNA ladder (10pl containing bromophenol blue; N&B$ also added to estimate

the size of DNA fragment$he gel was electrophoresed at 80V for 90.rRinducts

were visualised undeuwultraviolet UV) light usinga transilluminator (BieRad
Laboratories, Hertfordshire, YKUsing the vector mapthe predicted size of
fragments followingdigestwith Mlul and BamMwasA618kb and 3307kb for MZP
618-PA1 containing the Mlucut site and a linearised band at 7841kb kéZIRO00-

PA1. The digest containing Ckahd SchHF should produce bands at ~5100kb and
~2800kb for both vectors. Clones with these fragments veedected forexparsion
(Section3.2.7.2.).

3.2.7.2.4 Maxipreparation of DNA

After mnfirmationthat plasmidscontained the correct DNA, theyere purified from
bacterial pellets using the Plasmid Maxi kit (Qiagel) buffers are company
propriety. The pellet was resuspended in 10ml buffer P1 then 10ml buffer P2 was
added to lyse the bateria. The lysis wastopped after incubation at room
temperaturefor 5 min by adding 10ml of buffer P3 and incubated on ice for 10 min.
The sample was centrifuged at,200g for 30 mirand the supernatant collectep
this step was performed twice. Thmoled supernatans were added to a primed
QIAGENip 500 and allowed to enter the resin by gravifphe QIAGENp was
washed twice with 30ml buffer QC. The QIAGiBNvas placed into a new collection
column and the DNA was eluted into 15ml buffer. @ffe¢ DNA was then precipitated
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by adding10.5ml isopropanol, mixed thoroughfnd centrifuged at 19009 for 30

min at 4°C. The supernatant was discarded and the pellet was washed in 5ml of 70%
ethanol then centrifuged again at I0g for 10 min. The supernatawgs carefully
aspirated andliscarded The pellet was left to air dry for 10 mand DNA dissolved

in 100ul RNase free water. The yield of DNA was determisadjthe nanodropas
described in Sectiof.2.1.1.2

3.2.7.2.5 Generation d lentiviral vectorsin HEK293FT cells

Work with lentiviral vectors was conducted in a Class Il tissue culture facility
designated for virus workAll waste liquids and plastics were decontamindt@d30

min using 10% Virusolvg@mity International, Barsley, UK). After lentiviral vector
work all gloves, tissues and used plastics wereinettie hoodfor at least 30 min to
eliminate any aerosols generated, they were then decontaminated and disposed by
autoclaving. To produce lentiviral particles, 1ugedgher MZIROOO-PAL or MZIR
618PA1 vector DNAalong with 1ug psPAX2, 200ng pCMSVG were added to
750ul Optta 9 an  NB RdzOSR (@HerNblzFishey &R iked gently by
pipetting in a polypropylene tube. To each mix 8utrahsfection reagenfrransT-

293 (Mirus Bio,Wisconsin, USA)as added and mixed gently by pipetting then
incubated atroom temperaturefor 30 min. The mix was added dropwise to a T25
flask of HEXRI3FT cells, at 50% conflusnand the flask rocked gently to evenly
distributethe mix across the cell€ells were incubated at 37°C in a virus designated
humidified chamber with 5% G@n air. After 16hvirus containingmedia was
aspirated from cellsrad replaced with 5ml fresh medend incubated for a further
24h. Media was collectednd replaced, incubated for a further 24h and collected
again and pooledat 48h the virus titre is highefPooled media was passed through

a 0.45micron (m) filter to remove any dead cells or large vesiclalquoted and

stored at-80°C.

3.2.7.2.6 Infecting target cell lines with lentiviral vectors

Cells were seeded into T25 flask to be at 50% confluency the following day, 3 flasks
(control, MZIPOO0 and MZIfB18)for each cell line (BE(2)C,-8KSH and Kelly) were
seeded. The following day media was replacdith \®@ml viral superngant diluted in

2ml growth mediacontaining 1ug/ml hexadimethrine bromide (Polybrene®, Sigma)
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to enhance transductiofDaviset al, 2002) Cells were incubated at 37°C in a virus
designated hmidified chamber with 5% G@ airfor 6h then virus mix was remed
and replaced with 5ml medigfter 48h cells containing the vectoeve selected by
replacing mediawith media containing puromycin(0.8ug/ml BE(2)C and $KSH,
0.25ug/ml Kelly)Cellscontaining the vector would be resistant to puromycin as the
resistance gene is present in the construbtfected cells were maintained in
puromycincontainingmedia until the no viruscontrol cells had all died. Cells were
maintained in Class Il conditis for 2 passages or 10 days after infection, after this
time no lentiviral particles were present as confirmed nzymelinked
immunosorbent assafELY A for human immunodeficiency virusi(\) retroviral RT
activity in the cell media(Roche, Sigma)lhe absorbance of samples is directly
correlated to the level of RT present, the absorbance of samples was not above that

of the negative control.

3.2.7.2.7 Measuring GFP expression in cells by flow cytometry

After puromycin selectionetls were trypsinised (Sectiéh2.5.]) centrifuged at 405g

for 5 min resuspended in 1X PB%n pelleted again by centrifugaticat 405g for 5

min and finallyresuspended in 1ml flowytometry buffer (0.5% BSA, 2mM EDTA in
PB$ Green fluorescent proteinGQFR expression was analysed by flow cytometry
(Attune®,Thermo Fishgrusing an excitation laser of 48@nometre tim). A total of

10,000 events were measured for each sample. The GFP expression was compared
to control cells which had not been infectedtiwia lentiviral GFP plasmid, median
GFP fluorescence and percentage of cells expressing GFP were determined using

Attune® cytometric software 1.2kermo Fisher
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3.3 Results

3.3.1 Quality assessment and quantification of total and small RNA

RNA was extractetiom 60 pellets of NB BM cells. From these 52 samples yielded
sufficient RNA for miRNA profiling lyRNATLDA. In the remaining 8 cas®NA was
concentrated 2/8 were suitable fomiRNATLDA. Additional samples were available
for 2 of the remaining 8amples,although orre-extraction the concentratio of RNA
remained insufficientln total 54 samples were suitable fanalysis on the miRNA
TLDAThe oncentration of total RNArom NB BM cells that were analysedrbiRNA
TLDAwere all greater than 25 ng/ul(range 125763 ng/ul). Variations in RNA reflect

different cell number in the pellet and differing RNA content of cells.

All total RNA extracted from NB BM cells had a RIN greater than 9 (rab@e 9
indicative of good quality RNA with little degradatidra avoid further degradation
RNA was kept on ice and stored frozematn ¢ / Ay aAAy3f S dza$s
degradation through multiple freeze thaw cycleSmall RNA was quantified for
mMiRNA content, total RNA extradisd concentrations of small RNAngangfrom
6.6-4592.7picogram pg)/ul with the percentage of miRNfof small RNAgganging
from 5-32%.

3.3.2 50 HR NBniRNATLDAprofiles showed good data

Fifty of the miRNA profiles generated BM NB cells passed quality control (Bigure
From the 3 profiles2 failed, no amplification curves seeand were not included in

the subsequent analyses.

3.3.3 Optimal normalisation method fomiRNATLDA data is the global

mean

Normalisation is crucial to reduce experimental variatidlowing the differentiation

of true biological changesn these data we used an automatic baseline which is
calculated across the cycles where only noise is detected, normally cytksA3
manually set threshold of 0.2, was chosen for its position as all curves were in

exponential phas and parallel to one another.
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The optimal method of normalisation was reporting data using the global mean
which had a standard deviatiasf 0.15.In addition to this evidence the global mean
is reported to be powerful and robust (insensitive to outlietepding to improved

identification of differentially expressed gen@destdaghet al., 2009)

A low standard deviation acrosormalised miRNAorofile mediank / G @$ f dzS &
indicative oflow dispersion It must be noted that the standard deviation can be
affected by outliers and therefore visualisation of the data as box plots to

complement the evaluation of a normalisation method was used.

The 50 HR NB samplegere analysed for best normalisation methowhen
normalised to U6, asndRNAagainst which miRNAs ammmonly reported in
literature, the variaton of the data was increased (standard deviation = 1.08), this
can be visualised in FiguBe3. Again an inagease in variation across samples was
seen to a lesser degree, when snoRiNB44 and U48 were used for normalisation
standard deviatiorof 0.41 and 0.6Tespectively Another jusification for not using

U6, U44or U48 is there is no correlation betweenRNA concentration and mRNA
concentration. The global mean was again the most suitable reference gene when

either independent NB or other cancer profiles were studied.

Thenormalisationmethods were validatedh 4 independent datasetsreceived from
the Giannina Gaslininstitute, using 12 BM NB cells and 12 NB tumour samples, both
analysed using miRNA TLDA card A and miRNA TLDA. darthé&e studieshe
global mean was again determined as optim@M NB sampletandard deviation
=0.18(card A) and @ (card B)and when evaluated in 1&imour profiles(standard
deviation= 0.2(card A) and 0.23 (card,Bjata not shown)U6produced a smaller
standard deviationn the cohort of tumour profiles, with the standard deviation
I ONRaad n/ G M6rScRd A ghd 0.94 for card Biis shows that U6 is a
suitable reference in some casegrhaps moresuited to specific sample sets. The
proposed miRNA set froMestdaghet al,, 2009was tested; when mi291 and miR
103 were averaged and used to normalise gtandard deviation was 0.67, less
optimal than the global mearHHowever he global mean remainsuperior when

using themiRNATLDAacross all sample sets
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3.3.4 miR-30b-5p was the optimal miRNA to be used as a referemgmne

MiRNAs expressdt values <35h all 50 samples n=106 were evaluated using both
Normfinder andmy R codeto evaluatepotential reference miRNAs. The standard
deviations from both analyses were combinedd rankedon stability (lowest to
highest combined standard deviation). The top 4 results from both analyses are
shown inTable 3.3miR30b-5p had the lowest overall standard deviation and was

used as the reference gene for tlheo-D RTgPCR for validation.

Table3.3 Results from R code and Normfiedto assess best reference miRNA

Standard deviation (SD) represetthe variance acrossliRNATLDA profiles
after normalisation to the referenceniRNA. Normfinder is a pubijcavailable
code to determine the best reference gene.

MiRNA R code SD Normfinder SD combinedSD
hsamiR374a5p 0.39 0.40 0.395
hsamiR-30c¢5p 0.40 0.39 0.395
hsamiR-30b-5p 0.42 0.29 0.355
hsamiR134-5p 0.47 0.51 0.490

3.3.5 mIiRNA expression profiles of BM NB cells show clustering into

distinct groups both in heatmap and PCA

TheNB cell profiles had an average expression of 164/377 miRNAs (rand87134
Differential clustering of BM NBamplesshowed specific cluster grougsigure 34),
highlighting the heterogeneity of miRNA profiles within the population. PCA analysis
again siowed the dstinct clusters within profilesThe most noticeable cluster that

is separated in both visualisations is the group of 4 samples, in the heatmap the first
cluster on the left, and on the P®lot the bottom right cluster, these are the same

4 sanples, further clinical investigation may explain the isolation of thbséfrom

these analysis they are not clustering on the tumour stage or MYCN status.
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Figure 3.4Data visualisation of 50 HR NB cell miRNA profiles

The heatmap and PCA plots wegreneratedusid np/ G @ f dzSa y 2 NX |
global mea in ClustVis For both the MYCN statu$S)is shown; red =
unknown, blue = nomamplified, green = amplified. A, blue shows low
expression of miIRNA and red shows high expression. Samples are on the
horizontal axisand miRNAs on the vertical. Both rows and columns were
clustered hierarchically. Similarity metrics used were Euclidean distance for
mMiRNAs and correlation for samples, all clustered with complete lenKBige
heatmap depicts the tumour stage (TS) as restage 2b, blue = stage 3 and
green = stage 4. B, PC1 explains 21.5% of the variance and PC2 15.2%. Each
point on the PCA plot represents a HR NB cell sample. Tumour stage on the PCA
plot is represented by shape; circle = stage 2b, square = stage 3|d@rasge

4.

3.3.5.1 Identification of the most highly and consistently expressed miRNAs

After removal of snoRNASG, U4 and U483 103 miIRNAs were expressed in every
sample. Th@Ct values ofhesemiRNAs were ranked to assess expression |gtreds

average ad standard deviationf nCt values for eacbf thesemiRNA was calculated

and these values wereanked with the smallestnCt (highest expressionand

standard deviation(low variance)prioritised, yielding themost highly consistenly

expresed miRNAst the top. Pathway analysis then took the top 1Qf&10)of

these mMRNASAGS NI @S p/ G | y R ofithese/nRANNGRe lIReBI A | (G A 2
Table 3.4

Table3.4 Top 10%miRNAs most consistently and highly expressed in NB BM cells.
K/ G @ t dzS ato theNgbobaNdead2 NI S R

miRNA Il SNJ 3S nl a4 {5
miR222-3p -8.04 0.82
miR24-3p -7.23 0.68
miR29a3p -6.53 0.52
miR31-5p -6.27 0.58
miR1455p -5.99 0.84
miR16-5p -5.86 0.79
miR100-5p -5.51 0.67
miR1385p -5.27 0.94
miR574-3p -5.14 0.58
miR99%:-5p -4.99 0.56
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3.3.5.2 Pathways identified by most highly consistently expressed miRNA lists

In total 71 pathways were enriched wittB&njaminiHochbergadjustedp-value less
than 0.05. Exported results gave the number of miRMAslved ineach pathway
and the number ofdownstream targetgenes these miRNAggulatedinvolved in
each pathway, alongside the enrichmenwalue. Pathways were ranked with the
highest number of genes at the topable 35 lists thetop 10 pathwaygsanked on

gene involvement

Table3.5 Top 10enriched pathwaysn NB BM cells.

The pathways were ranked on gene involvemenyyafues are Bonferroni
adjusted. MAPK represenisitogen-activated protein kinase

Number of | Number of

KEGG pathway p-value genes MiRNAs

involved involved
Pathways in cancer 2.7x10° 249 10
PI3Ksignalling pathway 0.0001 194 10
Proteoglycans in cancer 1x1019 145 10
MAPK signalling pathway 0.4 142 10
Viral carcinogenesis 3x107 140 10
Focal adhesion 7x10° 134 10
Endocytosis 0.002 133 10
miRNAs in cancer 2x108 131 10
EpsteinBarr virus infection 0.004 124 10

Protein processing in endoplasmi
_ 4x1010 124 10
reticulum

The most significant pathway wasatbways in cancemwhich involves multiple
cellular pathways including the PI3K pathway which afs® enrched with the
second highest gene number involvememhe PI3K was chosen to take forward for

downstream inhibitor studies to provida proof of principleof this approach to
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identifying biologically relevant pathwayShe PI3K pathway was chosen as iswa
the highest singular pathway but also due to prior knowledge of its described
importance in NB. A further advantage of using the PI3K in further studies was the

putative inhibitors available commercially.

3.3.6 Proof of principle; PI3K pathway is enriched®M NB cells and

therefore important to cell survival

The PI3K pathway is aberrant in many cancers and inhibition of the pathway is
currently under test in a clinical trial (NCT02337309) for refractory NB. The trial
includes treatment with the inhibitor [264002. Doxorubicin is a cytotoxic drug that

is used in the treatment of many cancers. Treatment of BM NB cells with PI3K
inhibitors aloneg(Figure 3.5pr in combination with doxorubici(Figure 3.6yeduced

cell viability. In all treatments the primary ltures showed less calleath than the

cell line SKEBYY, with no additive killing effect seen in combination therapies.
Concentrations of both inhibitors used were within the clinical range, under the

concentration known to elicit off target effects.
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Figure 35 Effect of PI3K inhibitioron NB viable cell number

NB cells were treated with increasing concentrationsAgfcytotoxic drug
doxorubicin or PI3K inhibitor B, P1103 or C, LY294002. Viable cell number
determined by trypan blue exclusion assay gsautomated \icell, expressed
as a mean percentage of vehicle treated control (tSEM, n=9). 3302 is a primary
HR NB culture and SBI¥5Y a NB cell line.
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Figure 36 Effect of PISK in combination with doxorubicin on NB viable cell number

NB cells were trated with increasing concentrations of doxorubicin and PI3K
inhibitor A LY294002 or B, P1103. Viable cell number determined by trypan blue
exclusion assay using automatedceil, expressed as a mean percentage of
vehicle treated control (tSEM, n=9). 3382 primary HR NB culture and-SH
SY5Y a NB cell lihe

3.3.7 Correlation of miRNAs with migration and selénewing ability

Logistic regression identified expression of 1 miRNA related to colony formation.
Linear regression identified significant correlatiobsetween migration and 3
mMiRNAs; colony formation artdniRNAs; low adherence and 1 miRNA, listélchinle

3.6.
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Table3.6 Nine statistically significant miRNAs related to NB cell phenotype.
Phenotypes analysed were migration or selfiewal, either colonyormation (CF)

or low adherence (LA). * denotes the only miRNA identified as significant using
logistic regression. Adjustedv@alue threshold of 0.05. Global mean was used for

normalisation of MiIRNA expression.

Correlation of
Number of
_ _ high miRNA
_ Adjusted| samplesin ' .
MiRNA Phenotype . . expression with
p-value | which miRNA '
low or high
expressed
phenotype
Selfrenewal
miR885-5p 0.05 11 High
(LA)
Selfrenewal
miR618 0.0001 31 High
(CF)
_ Selfrenewal _
mMiR-186-5p 0.002 50 High
(CF)
_ Selfrenewal
miR744-5p 0.002 50 Low
(CF)
Selfrenewal
let-7¢-5p 0.01 48 Low
(CF)
. Selfrenewal _
*miR331-5p 0.02 21 High
(CF)
miR523-3p Migration 0.005 4 High
miR487a3p Migration 0.02 14 High
miR518f3p Migration 0.05 5 High

To ensure miRNASs that were verging on significavide multiple phenotypes were
not missed these 9 miRNAs were combined with any miRNAs present in the top 10

(when ranked on significance) of multiple analyses regardlessvafye.Additional
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MiRNAs identified by this analysis were Bil®a5p, miR888-5p, miR139-5p and
miR518b. In total thiggave 14 candidate miRN&A®st were then assessed to create
a more robust list of mMIRNAs for downstream validatiBmstly miRNAs that were
not expressed in 10% of the HR NB samples were removed. The resulting NAsni
were then plotted to visualise correlation against significant phenotype a@d
distribution was visualised as histogrardata not shown) After these steps 7
MiIRNAsmMIiR618, miR186-5p, miR744-5p, let7¢-5p, miR487a3p, miR331-5p and

miR-888-5p were taken forward for statistical and biological validation.
3.3.7.1 RTgPCHid not validate miRNA TLDA expression

All Ao-D primer and probe sets optimised well with efficiencies within the accepted
range of 96105%(Table 3.7.

Table3.7 Efficiency of Ao-D primer and probe sets

Efficiencies of each-&D primer and probe set were evaluate@ood %
efficiencies are between 9005%

MiRNA R square Slope Efficiency | % Efficiency
miR331-5p 0.75 -3.2 2.0 105
miR885-5p 0.95 -3.5 1.9 91

let-7¢-5p 0.97 -3.1 20 105
miR186:5p 0.97 -35 1.9 92

miR618 0.99 -3.5 1.9 94
miR487a3p 0.97 -3.4 2.0 95
MiR7445p 0.98 -3.3 2.0 101
miR30b-5p 0.96 -3.4 2.0 98

ThekCt values normalised tmiR-30b-5p for both miRNATLDA and\-0-D RTgPCR
were correlated, Bquarevaues were all under 0.4 representing no correlatié-or

some of these miRNAs this may be reasoned as the expression range was lew (miR
331; Ctrange 2.4, miR44; Ctrange 2.1) or due to a low level of samples expressing
the miRNA (mi#87a; n=14 and miB85; n=5) or due to the low level of expression
(miR885; minimum Ct 32.8 and &ic; minimum Ct 30.2). However, r6R8 and

mMiR186 were not explaineby this reasoning
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3.3.7.2 Correlation of miRNA expression measured using® RTqPCR with

phenotype and surival

A significant correlation was validated between rIEB and colony forming
efficiency (p=0.009) when expression was assessed usiodp RTgPCR. The
correlation was contradictory to thaseen when analysing theniRNA TLDA
expression. For -A-D data, he lower the expression of mi&L8 the greater the

colony formingefficiencyof the cells.

miR618 expression was predictive BFSp=0.03, Figure 3). None of the other
MiRNAs assessed usingd® were predttive. Results from Sectid®i2.4 showed
colony forming efficiency to also predict EFS, of the 50 patients whose samples were
analysed by miRNA TLDA 20 of these had a colony forming efficiency of >1.5
(predictive of survival); of these 95% (19/20) were also classifigteiitow miR618
expressing group (predictive of survival). By reducing the levels e b@Rvithin NB

cells it may be hypothesised this would lead to increased survival and increased

colony forming efficiency.
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Figure 37 Suvival vs miR618 expressionr BM NB cells

KaplanMeier survival curve of EFS in relation to the expression ofgh&Rin
.a b. OSf f &ot ofwfiRR18 éqiial/tS or Iess thanl, blue line =
kk / G 2618 gveatev thanl, n = number of samples analysed.
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3.3.7.3 Infection of NB ell lines with lentiviral miR618 inhibitor plasmid

The lentiviral plasmid containing the m@R8 inhibitor and scramble inhibitor was
used to create cell lines with lower m@R.8 expression. Unfortunatetizere was low

levelincrease in GFP positivity wineompared with the no virus controlable 3.8

Table3.8 GFP positivity of NB cell lines after infection with GFP lentiviral vector

The type of vectoused for infectionis denoted by either618 for the MZIP
618-PA1 vector and000 todenote the MZP-000-PA1 vector No virus control
results arealso noted

Cell line GFP positive (%) Median BLAL of GFP positive
cells
Kelly no virus 3 5173
control
Kelly618 3.5 2128
Kelly000 17 2644
SKN-SH no virus 15 o757
control
SKN-SH618 21 4112
SKN-SH000 10 5381
BE(2)C no virus 26 2765
control
BE(2)&518 7.8 4038
BE(2)€D00 3 2819

Due to low infection rateghe cells were not representative of a true rieR8

knockdown and therefore no further downstream studies were done.
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3.4 Discussion

From the amlyses performed in this chaptaniR618 was identified aa miRNA of
interest and PI3K a pathway of interdst NB cells isolated from the BMhiR618
was correlatedo selfrenewing phenotypeThe approach to identify key miRNAs
was reasonable and jufied by functional validation as PI3K inhibitors caused cell
death in NB cells. The investigations identifying-6iR highlight the importance of

experimental validation of findings.

The PI3K pathway has been explored as a therapeutic target in NB andeleas
targeted in NB cells in other studi@=ulda, 2009)Cell death was seen when NB cells
were treated with PI3K inhibitoris vivoagreeing with results seen in these studies
(Opelet al., 2007, Segerstrorat al., 2011) The PI3Ks activated by ALK mutations

of this gene and increased expression have been linked to poor prognosis in NB,
occurring in 9% and 3% of sporadic NB respecti@lygh et al, 2013)
Unfortunately, ALK status ohé¢ patients was not available so this could not be

interrogated further.

In the literature miR618 is reportedo inhibit anaplastic thyroid cancdChenget

al., 2014) genetic variants increase risk @hronic ymphocytic leukaemiaGLI).
(Martin-Guerreroet al, 2016) has beenmplicated in lymphomagenesifuet al,,
2014) inhibits migration and invasion in prostate cancébonget al, 2017)
increase proliferation in HeLa cel@Vhitfill, 2014) and modulates growth via PI3K
pathway (Yi and Yuar2015) The last observation is interesting as this links both
miR618 and the PI3K pathway, 2 targets identified in these studies through different

statistical approaches.

In the literature there are many papers which have investigated a similar hypsthes
to determine miRNAs that are integral in the selhewing phenotype of cancer
cells. Selfenewal is a key aggressive phenotype of NB but at present there are no
direct investigations beteen NB selfenewal and miRNA. Over 476 papers have
been publisked linking mMiRNA to setenewal in humans. In bladder cancer riiB9-

5p can inhibiproliferation (Luoet al, 2017) in hepatocellular carcinoma lgtdown
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regulates selfenewal (Jinet al, 2016)and in glioblastoma mi01 can inhibit

proliferation as well as migration and invasigruet al., 2017)

There have been several studies into the role miRNAs play in NB cell migration
although none in NB or using the same migration assay as utilised in this chapter.
miR-15ais reportedto have oncogenic properties in upregulating migration through
enhanced metalloprotease expression, whereas several other papers identified
mMiRNAs thatlampen the migratory ability of NB ce(lsynchet al,, 2012, Xiret al,,

2013, Wuet al,, 2015) Whilst miR15a is on the miRNA TLDA and expression was
detected in BM NB cells it was not identified as signifigambrrelating to a

phenotype.

In addition to miR618 several other miRNAs were identified, namely;-a88&-5p,
MiR744-5p, let7¢-5p, miR487a3p miR331-5p and miRB85-5p. None of these are
reported in studies on NB; except miR4-5p which is mentionedbr its presence in

NB tumour sampleéMegiorniet al., 2017) Furthermore, there were no reports of
mMiR487a3p within cancer. miR86-5p has been studied in other cancers including
colorectal, colon and prostate. In both colon and prostate cancer high levels of miR
186-:5p has been linked with increased proliferation, validated by knock down
studies redicing the phenotypf@slamet al., 2017, Jonest al., 2018) In contrast to
these agreeable findings, in colorectal cancer the inverse was(seenal., 2018)
mMiR-744-5p is reported amongst a panel of 6 miRNAs with diagnostic and prognostic
significance in prostate canc@vliyamaeet al., 2015) high levels are described in
ovarian cancer to predict improved outcome with vitro high levels increasing
apoptosis(Kleemannret al,, 2018) Interestingly let7¢5p overexpression in breast
cancer cells inhibited cell proliferation, concurring with the relationship seen in these
studies(Fuet al,, 2017) Within the literature miR885 has been linked with NB also,
concuring the initial results from theniRNA TLDANiIR331-5p was not reported in
relation to selfrenewal or migration but correlated inversely to drug resistance in
leukeemia, with relapse showing a marked decreg$éenget al, 2011) The
relationship between relapse and diagnostic miRNA profiles was not explored in this
chapter, due to low sample number. m@5 has also been shm to upregulate

metastasis in liver cancer with over expression increasing migration invasion and
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developmentin vivoand shown potential as a biomarker for liver cancer in serum
samplesin NB high exgssion wadinked toreduced proliferation, increasig p53
through reduced Cyclindependent kinase ZACDK2 and MCM5 the reverse
correlation than observed in these studies. The range of concurring and
contradicting correlations of the identified miRNAs and phenotypes may be due to
the large range of downetam genes attributed to each miRNA. In one cancer, one
microenvironment or even one patient a miRNA may have different biological effects
to another. These varied results highlight the need for full functional validation and

understanding of any candidateiRNAs.

Other studies have examined the relationship between miRNAs and other NB
aggressive phenotypes, includingvasion, proliferation and angiogenesithese
phenotypes were not directly stlied in thischapter. Howeveridentifying a miRNA
through investigations into one phenotype may highlight other, Aoypothesised

tumour suppressive benefits

A similar study analysing miRNA expression in BM disease compared the profiles to
that of primary tumour and identifiedl60 miRNAsthat were differentially
expressed. Further analysis to infer biological significdmglelighted miR659-3p as

a candidate for further studieStiglianiet al, 2015) This type of comparison was

not possible in thichapter as tumour saple was not available for the patients.
However it is interesting that the aforementioned study validatied teduced levels

of miR659-3p inmetastatic cells and determined they letmlincreasingCCRNOT
transcription complex subunit 1ICNOTYL which deceases expression of genes
contaning AU rich element sequences. Furthexperimental validation of the
changes in gene expression and pathway analysis highlighted the focal adhesion
pathway. These approaches of miRNA screening followed by biologicatialidan
ultimately lead to potential targetable pathways or specific miRNAs to direct
development of novel therapeutics, as in the focal adhesion pathway example
mimetics of miRG59-3p may lead to reinstated regulation GNOT1or focal
adhesion pathwaynhibitors could prevent the downstream phenotypic changes

this chapter pathway analysis was explored to interrogate the interpretation of data

from the miRNATLDAsensuring it was biologically relevamh a clinical setting the



-130-

multiple downstream a&rgets of a single miRNéarriesthe potential of severe
adverse side effect€onversely it may enhance the potency of miRNA drugs, as
many downstream targets may reside within the same oncogenic pathway. It could
also limit the number of drugs needed asveral targets could be effectedith

targeting by one drugpotentially reducing toxicity.

Analysis of he mMIRNATLDA data from the NB BM primary cedlsowed great
heterogeneity, forming several clusters within visual analysesseleere not
explainedby MYCN status or stage of the tumour but could be by otiezretic
landscapefeatures of the cancersAlthough miRNAs profiles in this study did not
correlate to MYCN statudysregulation of miRNAwithin NBhas been linked to
aberrant expression of gengspecificalfMYCN Around 22% of NBs have amplified
MYCNand this has been linked to the upregulation of several oncogenic miRNAs
(Schulteet al, 2008, Domingd-ernandezet al., 2013) Heterogeneity across NB
mMIiRNA profiles is not all explained by tMYCNstatus of tumours. Differential
expression within HR NB has been used to group patients into relevant prognostic
sub populations, unlike above studies, using miRNAs independdvity @fNstatus

(De Preteeet al,, 2010, Bienertov&/askuet al., 2013)

There are several published papers in which miRNAs are profiled in NB tumour
(BienertovaVaskuet al, 2013, Althoffet al., 2015, Bekers et al, 2015) These
profiles showgreat heterogeneity, as was seen within the tumour and BM NB
profiles kindly shared biaria CorriasGiannina Gaslirinstitute, Italy) and the BM

NB samples profiled in this chapteCluster analysigicluding addtional BM NB
profilesshowed the Italian samples grouped into a separate arm of the cluster, upon
further investigation experimental differences were established. Once NB cells are
isolated from the BM in Leeds these cells are cultured on plastic foragassages,
whereas in Italy RNA was extracted from the cells at separation. It is documented
that culturing on plastic changes expression profiles of primary cells and could

explain the clustering patter@Januszykt al., 2015)

The normalisation method was enof several challenges faced when using the
mMiRNA TLDAs to generate miRNA profiles. AthesBM NB and tumour profilabe

best normalisation methodavas theglobal mean this finding is reported in several
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publications(Mestdaghet al., 2009, Vipreyet al, 2012, Bockmeyeet al, 2016)

Across published datasets there is no standard to which data is analysed, normalised

or reported. Worryingly when U6, a snoRN¥as evaluated as a reference gene a

large amount 6 experimental noise was added to the data. The use of U6 as a
reference is common in published data sets as it is a recommended reference gene

by Thermo Fisher. Upon further investigation U6 did not perform as badly in the
cohort of tumour profiles, withi KS a4l yRFNR RS@ALFGAZ2Y | ON
compared with the global mean of 0.2, both an improvement on the-normalised

value of 0.86, this shows that perhaps U6 is a suitable reference in some cases,
although the global mean is superior when @sthemiRNATLDA. These results also

highlight how reference genes may be sample specific.

The miIRNATLDA can be performed with starting material of 100ng Ri#ser
starting amounts require a pramp step vhich adds variables and the potential
introdudion of amplification biagChenet al.,, 2009) As the platform was already in
use on the SIOPEN clinical tilaé experimental proceduravas standardised to
allow analysidetweengroups. As is most common in current practice, thensdiard
operating procedurdor the trial loaded a fixed amount of RNA (400ng) of each
sample to assess MIRNA expression. As thersoigelationship between the
concentration of mMiIRNA and RNA it would be hypothesised that loading a set amount
of miRNA would be more informative. However, it is important to keep in mind that
loading with miRNA presents more challenges, as measuring nu&iMAantrations
proves difficult and costlyand the use of good normalisation strategies will account

for some variation in loading.

There are several ways in which to analyse the expression of miRNAs in samples
These include themiRNA TLDA or A-0-D RTgER, micrarrays NanoString
technologyand sequencingzach having their own pitfalls and benefikdicroarrays

allow screening of a large number of miRNAs but lack sensitivity and specificity.
Sequencing however is highly sensitive and allows detectiowa#l miRNAs from

little starting material. Unfortunately sequencing is costly and is less user friendly as
analysis requires specialist bioinformatician§he NanoString uses barcode

technology to multiplex the measurement of multiple miRNAs. High semgiand
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the highthroughput abilities are advantages of the NanoString but high expressing
gene signals may dwarf lower ones and optimisation is required for each tissue of
interest. RTQPCR highroughput assays are available for screening of miRNA
profiles, with 384 assays on on@RNA TLDAwith high sensitivity, specificity and a
large dynamic range. The aims of this study were to identify miRNAs that are linked
to aggressive oncogenic phenotypes, to allow downstream identification of
pathwaysto which these miRNAs are integrak, inhibitors to target these miRNAs.

For this purpose it was beneficial to identify the expression levels of miRNAs with
annotated functions and target mRNAs, allowing streamlining of biological analysis

and gener#on of valdation experiments.

In summary, the pipeline to identify miRNAs and pathways of interest is solid,
however these studies have highlighted the need for good normalisation and
experimental validation. Expression of these highlighted miRNAs and other miRNAs

in a circulating setting of NB will be explored next.
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Chapter 4 Predictive power of miRNAs in thBM and PB

4.1 Introduction

The functional importance of miRNAs has been explored in the previous chapter,
through analysis of miRNA profiles in NB cells isolated tfr@BM and assessing
correlations with cell phenotype. miRNAs as biomarkers have been a subject of
research in NB to inform risk, diagnosis, prognosis, prediction and to monitor
response to therapyLinet al, 201Q De Pretert al,, 2011, Vinklarelet al., 2014)
These are most usually assessed using tests carried out in tumour samples. Analysis
of tumour can present some challenges as the location of the primary tumour may
not be known, or may be hard to accef® biopsy taken might not contain tumour
cells and repeated invasive biopsies may not be practical or parallel the evolving
genotype of the cancer. Circulating biomarkers overcome some of these challenges
as they can be monitored more readily in réiahe samplesobtainedthrough less
invasive procedures such a&sllectingblood. The stability of miRNAs owirg
packaging into exosomes, higlensity lipoproteins or association with Ago proteins,
which protect against processing by ribonucleases makes thdeal candidate
biomarkers(Etheridgeet al., 2011, Zhangt al., 2012, Sohel, 2016)

In addition to diagnostic and prognostic information that impacts on clinical
decisions, the discovery of miRNAs as novel bierarcould lead to development

of new therapies. miRNAs have vast biological functions; regulating multiple
pathways, informing the pathogenesis of NB more than a single (Rkf&yomiret

al., 2018) As such, miRNA®uld identify targets that could be used to create new
targeted therapies. These may be therapies targeting the miRNA directly or against
a target or targets identified as a result of pathway knowledge gained. Biomarkers
that can be targeted directly by therapy are known as druggable biomarkers
(Saktta et al, 2014) miRNAs are involved in multiple diseases, changing responses
to many pathwaysso altering expression for therapy may result in adverse side
effects (Dragomiret al, 2018) Converselythe mutiple targets of miRNAs may
enhance their therapeutic potency, as many downstream targets may reside within

the same oncogenic pathway to produce a multiple hit. This approach might also
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limit the number of drugs needed for successful treatment as sevargéts could

be affected by one drug, this could also theoretically reduce toxicity.

To explore the potential of miRNA signatures as circulating biomarkers, | have
evaluated whole BM and PB to assess if miRNAs can predict OS or EFS. Furthermore,
mMiRNAs wre profiled in exosomes isolated from metastatic NB cells and these
profiles were checked in plasma collected from NB patients to derive functional

significance.

The aims of this chapter were therefore:

1. To test the hypothesis that miRNAs in BM or PB dficdn with NBmay
predict EFS.

2. Establish whether circulating miRNAs reported in the literature to be
predictive of EFS in cancer patients are predictive in children with NB.

3. To determine whether miRNAs that drive sedhewal or migration of NB
cells idetified in Chapter 3 might be circulating biomarkers and predict
outcome.

4. To isolate NB derived exosomes, profile the miRNA cargo to establish if
mMiRNAs predictive of survival in PB and BM might have functional

significance.
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4.2 Materials and methods

4.2.1 Clinial samples

In addition to the BM collected intbAM as described in Secti@r2.2 BM (0.5ml x

2, one from right and one from left) and PB (2ml) samples were also collected at
diagnosis from children wittHR NBtreated throughait the SIOPEN HR NB trials.
These samples were taken directly into PAXgene® Blood RNA P#edube;
PreAnalytiX, Qiaggmand plasma from 4ml PB collected into an EDTA tube (separated
by centrifugation at 1,800g for 10 min) was aliquoted into 1ml crysvi@amples
were frozen and stored at80°C in the clinical or reference laboratory prior to
shipping to Leeds on dry ice. All samples were stored in LeeeB)&E prior to
processing. All samples were taken after informed consent; ethical approval number

01/04/087 and clinical trial number NCT01704716.
4.2.2 Isolation of small RNA from BM?Band plasma

Samples collected between 11.10.2012 until 01.08.2013 were processed for RNA
isolation usilg the PAXgene® Blood RNA Kiagén, Section 4.2.2.1). The FT from
each step of this kit was collected in a 2ml eppendorf and stored for small RNA
isolation using theRNeasy MinElute Cleanup Kit (Qiagen, protocol described in
Section3.2.1.1.). Small RNAs were extracted frosamples received between
02.08.2013 and 30.06.2017 using the PAXgeblwod miRNA kit (Qiagen, Section
4.2.2.2) where total RNA (including miRNAS) are isolated together in one eluate,

eliminating the need to retain the FT for further processing.
4.2.2.1 Small RM isolation using?AXgene® Blood RNA Kit flow through

All buffers in the PAXgene® Blood RNA Kit are company proprietary. The PAX tubes
protect RNA against degradatioy RNases and therefore minimisbanges in the

gene expressiofVipreyet al,, 2012)

The PAX tubes were incubated at room temperature for a minimum of Zullo
defrost prior to RNA isolation, then centrifuged at 5,000g for 10 min. The
supernatant was removed and the pellet fully resuspended by vortexing in 4ml

RNaseree water, the sample was then centrifuged for 10 min at 5,000g, the
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supernatant removed ah discarded. The washed pellet was then resuspended in
350ul buffer BR1 and vortexed until visibly dissolved. The sample was transferred
into a 1.5ml eppendorf with 300ul buffer BR2 a#@lul proteinase K, the ixture was
vortexed for 5 then held at 55°Cof 10 min using a shakémncubator at 400rpm
(Grart-bio PCMT shakelSLS) To ensure complete lysis the sample was passed
through a PAXgene Shredder spin column placed in a 2ml collection tube and
centrifuged for 3 min at 13,000gThe supernatant was addei a fresh 1.5ml
eppendorf containing 350l of 100% ethanol. The sample was then passed through
a PAXgene RNA spin column placed in a 2ml collection tube by centrifugation at
8,000g for 1 min. ThETwas placed in a fresh 2ml eppendorf for isolation oim
RNAs including miRNAs.

The remainder of the method was to extract RNA for other downstream studies. The
column was then washed by adding 350l buffer BR3 and centrifuging for 1 min at
8,000g. The column was then treated with DNase and incubated ain roo
temperature for 15 min. A further 350ul buffer BR3 was passed through the column
followed by 2 loads of 500ul buffer BR4, at every stageFtheas added to the 2ml
eppendorf for small RNA isolation. The column was then dried by centrifugation for
1 minat 8,000g. RNA was eluted into a fresh 1.5ml collection tube by adding 40ul
buffer BR5 to the column and centrifuging for 1 min at 8,000g, the eluate was then
reapplied to the column and this final centrifugation repeated to increase the yield.
The eluatewas incubated for 5 min at 65°C to denature the RNA for downstream

applications.
4.2.2.2 SmallRNAisolation using PAXgene blood miRNA kit

The protocol is the same as that for the PAXgene blood RNA (Sé&iarl) except
that 7004 of isopropanol is added to precipitate the RNA instead of 350ul 100%
ethanol and buffers BR4 are replaced by buffers BMALrespectivelyall buffers are

company proprietaryln addition, the FT is not retained.
4.2.2.3 Isolation of RNA from plasma samples

RMNA was isolated from plasma using the miRNeasy Serum/Plasma Kit (Qiagen), all
buffers are company proprietary. The plasma (200ul) was incubated in a water bath

at 37°C until thawed.1ml of QIAzol Lysis Reagent was added and mixed well by
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vortexing. The samplwas incubated for 5 min at room temperature then 1ml of
chloroform was added before further3 min incubation at room temperature. The
sample was then centrifuged at 12,0009 for 15 min at 4°C. The upper aqueous phase
was transferred to a fresh 1.5ml eppdorf with 500ul 100% ethanol. The sample
was passed through an RNeasy MinElute spin column in a 2ml collection tube using
centrifugation at 8,000g for 154%Tthen discarded. The column was washed by
adding 700ul buffer and centrifuged at 8,000g for iBsn 500ul buffer RPE and
centrifuging for 15s at 8,000g. Ethanol (80%, 500pl) was added to the colbioh
wasthen centrifuged for 2 min at 8,000§,Twas discarded. The column was then
dried by centrifugation at 13,0009 for 5 min before eluting RNA 1l RNase free
water by centrifugation at 13,0009 forriin.

4.2.3 Quantification and quality check of isolated RNA

RNA isolated from BM and PB was quantified using the Nanodrop as described in
Section3.2.1.1.2and the qualityof total RNA and the small RNA enrichment assessed
using the Agilent Bioanalyser 2100 as described in Segtibh.1.2 The amount of

RNA isolated from plasma was not quantified.
4.2.4 mIiRNATLDA to profile expression of miRNAMBM, PB and plasma

For BM and PB samples 400ng of total RNA was added tBThas described in
Section3.2.1.2 Due to the lower yield of RNA from plasma samples 3.2ul (maximum
volume) of the RNA was added to the RT. The Rdittons were the same for all
samples and amplified using conditions describe8.t11.2 Finally the miRNA TLDA
was performed as previously described3r2.1.3 As reported in Chapter 3, only
profiles that passed the quality control work flow were used in downstream analysis
(Figure 3.2).

4.2,5 Cell culture

The NB cell line S8Y5Y was used to optimise exosome isolation and
characterisation. Exosomes were then isolated and characterised from 8 griviar
cultures, maintained as described in Sect?.5.] culture conditions are described

in Table 2.1. For isolation of exosomes cells were washed 3 times with PBS then

incubated indepleted serunmedia forh in a humidifiedchamber in 5% Tn air at
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37°CFor all exosome experiments the parent cells were harvested and counted so
that exosome number could be reported relative to the number of cells from which
the exosomes were derived. Cells were also collected amed at-80°C to allow

paired analysis of exosomes and cells if required.

Table 4.1 Cell line and primary cultures used for exosome isolation and
characterisation

Primary cultures were derived as described in Secfdh3 by Child8 y Q &
Cancer Research Group (CCRit&) gender of these patients is unknown.

Cell line/
primary | Source Origin Cell Type Media
culture
Human NB DMEM + 10%
Human, 4 years
SHSY5Y| CCIA Non-MYCN FCS + 2mM
old, female N _
amplified glutamine
Human NB
284 CCRG| Human, 4 year old LAM
BM derived
Human NB
601 CCRG| Human, 3 years olf LAM
BM derived
Human NB
1142 CCRG| Human, 1 year old LAM
BM derived
Human NB
2039 CCRG| Human, 2 years ol LAM
BM derived
Human NB
2130 CCRG| Human, 3 years ol LAM
BM derived
Human NB
4284 CCRG| Human, 4 years ol( LAM
BM derived
Human NB
23826 | CCRG| Human, 8 years ol LAM
BM derived
Human NB
24196 | CCRG| Human, 2 years ol LAM
BM derived
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4.2.6 Isolation of exosomes$rom cell culture supernatant using

membrane affinity columns

Exosomes were isated from cell culture supernatant using the exoEasy maxi kit
(Qiagen)as summarised in Figure 4.4ll buffersare company proprietary. Bdia
was collected and centrifuged afd®0g for 15 mirandpassed through a 0.8um filter

to remove dead cells andrige cellular debris. The filtered media was then combined
with an equal volume of buffer XBP and mixed by inversfdhe tube5 times. The
exoEasy spin columnyas placed in a 50ml collection tubd6ml of samplewas
loaded on to the column which wasertrifuged at 500g for 1 minThe FTwas
discardedandthis was repeatedintil the total samplemix had passed through the
column. The column was then centrifuged g@0g for 1 min to remove residual
liquid, then 10ml buffer XWP was added to the column esctrifuged at 46009 for

5 min, theFTand collection tube were discarded. The column was placed into a new
collection tube and 400ul of elution buff§KE)was added tahe membrane and
incubated at room temperaturér 1 min. The tube was then centrgad at 5009 for

5 min , the elute was pipetted back onto the membrane and incubated for a further
1 min atroom temperature the tube was centrifuged at,800gfor 5 min to elute

the exosomes. If RNA w#s be extracted from the exosomesather than elusin

the exosome were eluted bipto XE buffer was replaced by adding 700pQdAzo)
then centrifugedat 4,500g for 5 mino elute exosomesRNA wagxtractedusing the
miRNeasy mmi kit (Section3.2.1.1.). Forall other analgesexosomes were pelleted

by transferring the XE eluate to a 1.5ml microcentrifuge polypropylene tube
(Beckman Coulter) and centrifugatiat 100000y for 70 minat 4°C (Optima TL

ultracentrifuge, rotor TLA5, Beckman Coulter)
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Remove dead Equal volume of  Sample mix
cells and large buffer XBP passed through  Dry column
cellular debris added to media exoEasy column

] ] —] [—] [

Column washed
with 10ml XWP

NNV NS

3,000¢g 500¢g 4,500¢g 4,500¢g
15 min 1 min 1 min 5 min
0.8um filter ,

exoEasy column placed into new 50ml collection tube

! |

RNA extraction Pellet exosomes
1]
4,500¢g

5 min [— 500¢g
5 min

Exosomes double
eluted into 400ul then

XE buffer

\/ 4,500g
Qiazol eluted RNA 5 min

extracted using miRNeasy \/

micro kit
~ Exosomes pelleted using
Pellets used for protein ' ultracentrifugation
extraction, flow <
cytometry and 100,000¢g
nanoparticle tracking 70 min \/

Figure4.1 Isolation ofexosomes from cell culture mediasing the exoEasy maxi
kit.
The kit was supplied by Qiagen, all buffers are company proprietaryeliidet
depended upon downstreamapplications if RNA was to be extracted, the
exosomes were eluted intQIAzo] for all dher applications exosomes were
eluted into Buffer XE.
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4.2.6.1  Optimisation of media for exosome collection

FCS contains bovine exosomes and therefore media containing FCS cannot be used
to collect human exosomes derived from human cells. One option to resbéve t
problem is to remove FCS from media prior to collecting exosomes from cells or
remove the exosomes from the FCS by ultracentrifioga To optimise the best
mediato replace complete mediwhich cotains 10% FCS and glutamicells were

grown in meda containng glutamineand either exosomelepleted serum or no
serum to collect exosomes. SBY5Y cellwere seeded aBx1C®in 6 well Primaria
plates. At 24h post seeding the media from each well was aspirated and each well
was washed 3 times with 1ml PB&lls were harvested from a control well to
account for any cells removed during washing steps and viable cell number counted
after washing 3 times in 5ml 1xPBSter washing3ml ofcompletemedia (DMEM +

10% FCS 2mM glutaming, depleted media (DMEM #0% FCS ultracentrifuged at
100,00@ for 18h+2mM glutaming or serum fee media (DMEM 2mM glutaming

was added. Cells were harvested at 24, 48, 72, 96 and g@§t media change and

a viable cell countising the trypan blue exclusion assegs performel using the vi
celDNR g G K OdzNBS&a 6SNB LIX200SR FyR O2YLJI NI
multiple testing correction using GraphPad Prism (GraphPad Software, California,

USA).
4.2.6.2 Optimisation ofcell seeding densityto reach 90%confluency at 48h

SHSYY cells were seedethto T75 flaskat increasing densitie€).25, 0.5, 1, 1.5, 2,

2.5, 3 and 4x19cells to determine which density at 48h incubation gave 90%
confluent flasksAt 24h post seeding media was aspiratead cellsvashed 3 times

with 5ml PBS$o ensure all seruatontaining media was removed, and then 15ml of
depleted media was added to thkask Cells were incubated for 48henimaged at

4x and 10x magnification using an Olympus CKX41 microscope and Cell B software.
Media was collected andeatrifuged for 5min at 4059 to pellet any celglherent

cells were trypsinised and harvested as described in Se2thh.1and a total viable

cell count was performed using the-eell. Seeding density experiments were

repeated 3 times.
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4.2.7 Quantification, sizing and morphologgf isolated exosome

Exosomes are reported to be between -280nm and have a concave disc
morphology (Lotvall et al, 2014, Vestacet al, 2017) the number seeted by
differing cell types can vafgohel, 20&). Thesize and numbeof isolated exosomes
was confirmed using naoparticle tracking analysistransmission electron

microscopy TEM) andflow cytometry.
4.2.7.1  Quantification andsizingof isolated vesicles usinhTA

The ZetaVieW(Particle Metrix, Ammersedsermany wasused to size and quantify
isolated exosomesFor analysiexosome pelletsvere resuspended in 200.df
0.1um filtered PBS artdansportedto Cell Guidance Systems (Cambridge, UK) on dry

ice where they were analysed using the ZetaView®

At Cdl Guidance Systems, exosomes were storeeB&tC and analysed within 10
days. To prime theZetaView® the measuring platform was rinsed with freshly
0.22um filtered dEO (Merck, Hertfordshire, UK). The quality platform check was
performed automatically esuring the pl#orm had no background readinghd&
instrument wasthen calibrated using 100nm latex beads and flushed with PBS to
eliminate cross over between beads and sample. Samples were thawed at room
temperature then vortexed to ensure homogenei§amples were diluted 200 fold

in PBS for the first measurement: this dilution was adjusted accordingly so the
concentration of particles fell within the recommended range of-10'° particles

per cn¥. After analysis the platform was flushed with 0.22unefitd dH0 in order

to eliminate any residual PBS that may form salt deposits. Finally the platform was
filled with air to eliminate stagnant d8 between experiments. Data were captured
using Software ZetaView 8.03.08.02 with a camera resolution of O.7(@eh
taking images at 11 positions over 2 cycles, at a constant temperature of 27°C to
allow calculations using Brownian motion la@chocket al, 2015) Area analysis
parameters used were 10,000, ensuring the particles measured fall within the

limits by defining the number of pixels visible in the window.
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4.2.7.2  Sizing and quantification bexosomes using flow cytometry size

reference beads

The CytoFLEX flow cytometer (Beckman Coulter) and corresponding CytEXPERT
software (Beckman Coulter) were used to visualise fluorescently labelled exosomes,
allowing quantification and approximate sizinging gates established against size

reference beads.

SHSH5Y exosome pellets were resuspended in a volume of 0.1um filtered PBS to
give exosomes from 5xi@ells in 1pl, this volum was then pipetted into 0.5ml
eppendorfs, in triplicate. To visualise trexosomes 39ul of CellTrace Far Red
(CellTrace, Thermo Fisher) was added at a conceoiraif 1uM Exosomes were
incubated at 37°C for 20 midfurther 960ul of 0.1um filtered PBS wieen added

to give a total volume of 1ml. Each sample was analysedflaiv rateof 10ul/min

for 2 min.

For all samples the detector gain was set at maximum (3,000) as optimised by Dr
Adam Davison (Flow Cytometry FacilitplJuwho determinedthat these settings
achieved the best resolution between signal and noise, astridited inFigure4.2.
Increasing thegain maximally allowedor the greatest resolution of all beads
sampled from the background nois&here was alsminimal contamination from

the electronic sampling noisasthe proportions of each sizeblead gated eents

remained constant when compared to the backgroyddta not shown)

After optimisation of the detector gain, a sample of 0.1um filtered PBS was analysed
to optimisethe fluorescent thresholds to determine the point at which minimum
background was s for each fluorescent channelnfexample of this process using
the allophycocyanin (APC) thresholdillsstrated inFigure 4.2 Thiswas tested for
every channel requiredjuorescein isothiocyanatd=(T(, APC, Bhrcoerythrin (PE)

and V450. The optimaéhresholds were 5,000, 7,000, 5,000 and 5,000 respectively.

After these settings were optimised the reference beads Megahig forward
scatter FS¢beads (Biocytex, Marseille, France) were used as size standards on the
CytoFLEX flow cytometer. The Megaplus FSC beads are a mix of fluorescent
beads of diametet00, 300, 500 and 9006m The Megamiplus FSC beads were used

to define gates of 10800nm, 306500nm and 50@00nm on the dot plots using the
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CWEXPERT software, (in Figure)4legamix plus $C beads were diluted 1:2 using
0.1um filtered PBS and analysed using therftsoent threshold of 5,000 for FITC
Exosomes stained with CellTrace were then analysed using a fluorescent threshold
of APC 7,000. DMSO vehicle controls, dye only and unstaxesbmes were run in

all experiments. All data were analysed using the CytEXPERT software. To analyse
this data the CellTrace only sample was first used tindethe CellTrace positive

gate Fom this eachset of sample data was exported and the event nwenland

median fluorescence of CellTrace positive particles in each of the sizing gates

recorded
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Figure4.2 Optimisation of flow cytometry to quantify and sizeexosomes

A, The detector gaimegulates the sensitivity of the photomultiplier detector,
the gainwas optimised using a sample legamixplus FSC beads define

the level rendering the best resolution between 100nm beads and the noise
All pseudo coloumplots show side scatter height alongayis and FITC height
along xaxis B, The fluorescenAPC liresholdwas optimised using sample of
0.1um filtered PBSThe table denotes the fluorescent threshold set, the
number of events detected per pl and theab percentage of total events,
corresponding to thgpseudo plots above each column. AbortadAR) is the
number of events aborted as a percentage of total events. Tiardscent
thresholds for FITC, PE and V450 were optimised in the same mahndre
size gates are shown around the Megaipins FSC beads. Gatas side and
forward scatterfor 100300nm, 306500nm and 508000nm are shownC ii,
Megamixplus FSC bead size subsets shown across side scatter and the FITC
fluorescenceSSC denotes side scatter; FSC denotes forward scatter.

4.2.7.2.1 Optimisation of CellTrace concentration and cell numb@ar sizing
exosomes using flow cytometry

SHSY5Y exosomes were isolatadsuspended and aliquoted inppendorfs to
contain exosomes derived froth5x10, 5x1C¢, 1x1¢ and2x1® cells. Each quantity

of exosomes was stained with25, 0.5, 1 an@uM of CdTrace. Data were analysed

in CytEXPERT first by determining the CellTrace positivetgatevas seat the edge

of detected events in the CellTrace only samples. For all samples the abort rate;
number of events aborted as a percentage of total eveptsitive event number;
number of events with a fluorescence above the threshold determined by cell trace
only and median fluorescence; the medianoilescence of all events denoted
positivewere exported to assess the optimum staining concentration angexe

producing celhumber.
4.2.8 Sizing and quantification of exosomes using TEM

Exosomes were resuspaad in 7ul 2% PFand stored at 4°C until processed by Mr
Martin Fuller (Electron Microscopy Faculty, JollThe sample was pipetted onto
Parafilm M (Bemis A, Sigma Aldrich) and a 3.05mm diameter formvar and carbon
coated copper gd (AGAR Scientificessex, UKyas inverted into the sample and
incubated for 20 min at room temperature. Each grid was then washed 6 times in
dH:0 for 3 min. Samples were then stad with 1% uranyl acetate for 10s. After

staining grids were left to air dry. Samples were imaged using a JEM 1400
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transmission electron microscope (JEOL, Massachusetts, USA) at 100Kv. Images were
captured on AMT 1k CCD running on AMT v602 software.

4.2.8.1.1 Optimisation of TEM methodology

The optimal method to process exosomes for TEM was established using exosomes
isolated from SFBY5Y collected every 24h over a 96h period; at each time point
isolated pellets were resuspended in 7ul 2% PFA or 0.1um filteB&d Phere were

a total of 20 samples processed; for each time point 4 samples, 8pesded in PBS

and 2 in 2% PFA.ithin each pair one was processed using methyl cellulose and one
without as shown inTable 4.2 Methylcellulose is reported to improve selution

and enhance membrane contra@sadiet al., 2017)

Table 42 Optimisation of exosome preparation and processing for TEM

For each time point @6h) 4 samples of exosomes were prepared, two
resuspended in PFA and 2 in PBS. Within each of the different resuspensions
one sample was processed with methyl cellulase one without.

Time from isolation tg Exosomes resuspended | Exosomes resuspended

processing (h) 2%PFA filtered PBS
0
24
28 Methyl No methyl Methyl No methyl
cellulose cellulose cellulose cellulose
72
96

The samples were addldhered b the grids as described in Sectidi2.8 After
washing, samples stained with methyl cellulose weogered by a uranyl acetate
methyl cellulose mix9:1, 2% methyl cellulose: 4% uranyl ace}atad incubated on

ice for 10 min. Non methyl cellulose samples were stained with 1% uranyl acetate,

added dropwise and incubated for 10s.
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4.2.9 Charactersation of exosomal markeexpression byisolated

exosomes

Both CD63 and CD81, putative exosomal mar&imset al., 2016) were assessed
using flow cytometryand immunodegction. Both these markers are tetraspanins
reported to be detectable on the external surface of exosomes. Additionally the
expression of the NB marker @Was studied using flow cytomettp confirm the

NB origin of exosomes detectgdlarimpietri et al, 2013) Additional panel of
markers was used in immunodetection to provide more evidence of exosomal
isolation, these additional markers includéamour susceptibility gene 106G

101) an additiond protein reported to be expressed by exosomes.
4.2.9.1 Analysis of exosomal anNBmarker expression using flow cytometry

Isolated exosomes from cells were stained with CellTrace as described in Section
4.2.7.2before further staimng for exosome markers, CD81 and CD63 and the NB
marker GD. After staining with CellTrace, samples were incubated in antibody
(optimised concentrations listed ifmable 4.3, diluted in 0.1um filtered PBS to a
staining volume of 100ul, for 30 min at 4°@nfples were added to 900ul of 0.1um
filtered PBS and analysed on the CytoFLEX using optimised fluorescent thresholds
(seeTable 4.3. Dual colour staining was performed, in this case both antibodies
were added at required concentrations to give 100ul stegnvolume and incubated

for 30 min at 4°C, again this was added to 900ul of 0.1um filtered PBS and analysed
on the CytoFLEX. For dual analysis primary and secondary fluorescent thresholds

were used according to the fluorescent channels of the antibodseslu
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Table 4.30ptimised antibody concentrations for flow cytometry analysis

Concentrations of antibodies for flow cytometry analysis were determined
empirically. Each antibody was optimised for staining concentration of
exosomes secreted from the equieat of 5x16 SHSY5Y cells. Firstly each
antibody was diluted in 0.1um filtered PBS to a range of concentrations around
the recommended working concentration (deduced using company protocol
and literature). These antibody alone dilutions were analyseddsess the
concentration at which the abort rate was under 10%. After the maximum
concentration was limited by abort rate a dilution curve was performed to find
at which point the maximum event number was detected. The antibody
concentration and abort rate decreased in a linear fashion (data not shown).
Exosome incubations conjugated antibodies were diluted in 0.1um filtered PBS.
Fluorescenthresholds were optimised to give minimum background ndiie.

| 2 NJ Tsa gulasidiary of BD Bioscience

_ Qonjugated Staining Fluorescent Supplier
Antibody ' .
species concentration | threshold (product code)
FITC Mouse .5 | 2NR
CDh81 2.5ng/pl 5,000
LIDmS (551108)
V450 Mouse .5 | 2NR
CD63 Sng/ul 7,000
LIDmS (561984)
PE Mouse .5 | 2NR
GD 0.07ngful 8,000
lgG2a (562100)

4.2.9.2 Analysis of exosomal and NB marker expression by immunodetection

4.2.9.2.1 Extraction of protein from exosomes

Protein from exosomes and parent cells was done in parallel. To achieve a cell pellet
media was aspirated, cells washed once with 5miiiel 1XPBS, scraped into 2ml
ice-cold PBS usg a cell scraper (Sarstedt | limbrecht Germany and centrifuged

at 405g for 5min. The supernatant was aspirat€éd extract potein the exosome
(15ul) or cellpellet (50ul) was resuspended in lysiuffer (LX PB&ontaining 1%
Nonidet P40, 10mM sodium deoxycholate, 0.186dium dodecyl sulphate (SDS)
with protease inhibitor cocktail (0.6mM phenymethylsulfonyl (PMSF), 1mM sodium
orthovanadaB = H p >a f S dzLJS LjiratinihZall pustiidsed from Signat |
Samples were incubated on ice for 30 min, aweéll lysates werecentrifuged at

12,470g at 4°C for 10 min. The resulting supernatant was retained as the soluble
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protein fraction.Protein concentration was determined using 5utloé extract,cells
diluted 1:10 aa exosomesundiluted, the BioRad DC ProteiAssay (BidRad

Laboratorie$.

The protein assay is based on the Lowry Agkawryet al, 1951)was used to

estimate protein concentration of all samples. All reagents are company proprietary.
Briefly, a standard dilution curve was prepared of BSA ranging from 0 to 2mg/ml in
10%radio immunoprecipitation assayR(PA lysis buffer. Each sample or standard

Op>f 0 61 & LI (eepiieSosongs whekell kdpemt@hsiugath) wells

of a 96 well microtitre place (NUACY Ydzy 2 >~ bl £ 3S b diffe@moL y i f &
Fisher). Working reagent SA was prepared by adgisgl 3Sy & { o6wnwn>ft 0 0
OmMYfO0O YR FTRRSR (2 SIOK ¢Sttt onp>tod wSt
and the plate was agitated for 10 seconds (s) followed by 15 roubation at room
temperature Absorbance of each well was read at 690 ningia microplate reader
(Titertek-Berthold Instruments, supplied by GeneFlbtd). Protein concentration in

samples was determined from the standard curve generated from the BSA dilutions.

For exosome proteinhie remaining 10ul was divided into 2 aliquatse of which

was added to an equal volume of SDS and the other an equal volume of SDS with
20%dithiothreitol (DTT). Protein aliquots were stored a20°C.

4.2.9.2.2 Immunodetection of exosome specific proteins

Mini-Protean Il cell apparatus (BRadLaboratorie3 was used throughoutMini-

t wh¢ 9! b {4189 BieradLaboratorie} precasigel was choserthe strip and

comb were removedThe gel was transferred to the electrophoresis tank containing

2X SDS running buffer (256mM THEl (MP Bimedicals Thermo Fisér), 250mM

gycine (Sigma s nodm: { 5{ 0 tfddElsShvglum® forierbbo@ddsd 6 p n
in 2XSDS loading buffer were centrifuged briefly at 12,470g to bring dalvn
solutior= YR f 2F RSR Ay »f molécHar weRlit tnarkef®92340;:3 4 A RS
GeneflowLtd). The gl was electrophorised at a constant voltage of 100 V until the

bromophenol blue dye had reached the bottom of the gel.

After completion of electrophoresis the stacking gel was removed and resolving gel
placed in transfer buffer (25mM Tris, 192mM glyci2z@% methanol, 0.01% SDS) for

5 min. The BidRadLaboratoriestransfer kit was assembled using Hyboneéx@ra
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supported nitrocellulose membrane (Amersham Biosciences, Little Chalfont, UK)
against the gel, 3mm filter paper (Whatmann, GE Healthcare) andiligo pads
(BioRad Laboratorie3. Proteins were immunoblotted from the gel onto the
nitrocellulose membrane at 10Q with constant stirring using a magnetic flea, for 90

min at room temperature.

The membrane was incubated in-COR blocking buffer (CIORBiosciences,
supplied by VWRLeicestershire, JKwith rapid agitation on an orbital shaker at
room temperature for 1h. The membrane was incubated in primary antibody diluted

in an incubation solution (50% CIOR blocking buffer and 50% PBS with @viéén

(v/v; PBST) overnight at 4°C with shaking on an orbital shaker. The specificity and
concentration of primanantibody (Table 4.4) to minimise background nonspecific
binding were optimised using positive control cell extracts. Membranes were
washed 3 x 3nin with PBSTnd subsequently incubated for 1 h in the appropriate
secondary antibody at a concentration of 1080, prepared in incubation solution as
above. Membranes were washed 3 x 5 min in P8%IT1 x 5 min in PBS to remove

tween residue.

Membraneswere visualised using teel5 2 (Bio-RadLaboratorie3 To check the
efficiency of immunoblotting, membranes were stathusing Ponceau S (Sigma

solution for 5 minutes, and rinsed using ddHoreveal the transferred proteins

Table 4.4 Antibodies ard optimised concentrations for western blots.

Concentrations of antibodies for western blots were determined empirically.
All incubations with primary antibody were overnight at 4°C, secondary
antibody incubations were 2h at room temperature unless otheenstated.

The cellular component each protein is a marker for is lis®dC42 denotes

cell division control protein 42 homolog. Hsp denoted heat shock protein. EEA1
denotes early endosome antigen 1. Grp75 denotes str@sgrotein. TATA TBP
denotes TATAox-binding protein. LAMA denotes lysosomaissociated
membrane protein 1. GAPDH denotesglyceraldehyde -$®hosphate

dehydrogenase.
_ Cellular _ Optimised Supplier
Antibody Species
location concentration | (product code)
Mouse Abcam
CD63 Exosomal 1:1,000
monoclonal (ab8219)
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Mouse
TSG101 Exosomal 1:400 Abcam (ab83)
monoclonal
Santa Cruz (B
Mouse
CD81 Exosomal 1:200 11 clone
monoclonal
s¢c166029
Rabbit Abcam
CD9 Exosomal 1:10,000
monoclonal (ab92726)
Cell Signalling
Technology
Rabbit
CDC42 Exosomal 1:1,000 (2466
monoclonal
Massachusetts,
USA
MIiRNA Rabbit Abcam
Ago2 o 1:2,000
binding monoclonal (ab32381)
_ _ Mouse Abcam
Hsp70 Mitochondrial 1:1,000
monoclonal (ab47455)
_ _ Mouse Abcam
Hsp90 Mitochondrial 1:1,000
monoclonal (ab13492)
Rabbit Abcam
EEAl Endosomal 1:10,000
monoclonal (ab2900)
_ _ Mouse Abcam
Grp75 Mitochondrial 1:10,000
monoclonal (ab2799)
Mouse
TATA TBP Nuclear 1:1,000 Abcam (ab818)
monoclonal
Rabbit Abcam
LAMR1 Lysosomal 1:2,000
monoclonal (ab24170)
_ _ _ Rabbit Abcam
I -Actin Cytosolic 1:10,000
monoclonal (ab8226)
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Cell Signalling
. Rabbit
GAPDH Cytosolic 1:5000 Technology
monoclonal
(2118)
Mouse Abcam
Pancadherin| Membrane 1:800
monoclonal (ab22744)
Secondary
antibodies; Alexa fluro 680;
anti-mouse Molecular
- - 1:5,000
(A21069, Probes
anti-rabbit Invitrogen
(A2107§

4.2.10 Analysis of RNA cargo extracted froexosomes

RNA was isolated froraxosomes to profile for expressed miRNAs, this allowed

comparison oexosome profiles against thod®m other sample types.
4.2.10.1 Extraction, quantification and quality anasis of exosomal RNA

QIAzokluate was collected from the exoEasy collection tube, as described in Section
0, and trangerred into a 1.5ml RNase freggendorf. RNA waextractedusing the
miRNeasy minkit asdescribed inSection 3.2.1.1.1 Theconcentration of RNA was
assessedising theNanodrop as described in Sectiéh2.1.1.2 Paired cells were
harvested and RNA extracted using the miRNeasy mini kit as desaril@sttion
3.2.1.1.1 RNA from thecellswasdiluted to 5ng/pl then along with gosomal RNA

(5ul, undiluted) wereneated for 2min at 70°C. The RNA warslysed using the pico

and small RNA chipssing the agilent bioanalyserl@0 as described in Section
3.2.1.1.2

4.2.10.2 Profiling of mRNAcargo inisolated exosomesising TLDAs

Due to low detectable RNA yield it was not possible to load miRNA TLDA with 400ng
of exosomal total RNA. A total volume of 3.2ftIRNA was instead used in the RT

and loaded onto theniRNATLDA, both as described in Sect8r?.1.2and3.2.1.3
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MiRNATLDA data were not normalised to the global mean due to a low number of

MiRNAs expressed. Instead raw Ct values were used to inform biological knowledge.

4.2.11 Isolation and characterisation of exosomes from 8 primary NB BM

cultures

To assess the signature of miRNAs in exosomal cargo, 8 primary cultures with
matched samples of BM drPB at diagnosis were selected to isolate exosomes from.
For every sample exosomes were isolated using the affinity column method
described in Sectio® and characterised as described above using nanoparticle
tracking anajsis, flow cytometry, western blotting and ultimately RNA was profiled
for miRNA expression. Briefly, 1 T75 flask was used to isolate exosomes for
guantification and size profiling using the ZetaView®. For analysis using western
blotting, exosomes were isated from 2 T75 flasks and protein was extracted as
described in SectioA.2.9.2.1 immunodetection for exosomal markers CD63, CD81
and TSAO01 and cellular markers early endosome antigen 1 (EEA1), Pan cadherin,
lysosomalasse@iated membrane protein 1 (LAMB), stress/0 protein (Grp75) and
TATAbox-binding protein (TATABP) was performed alongside paired cell controls
(a reduced panel of markers was used due to limited exosomal protein available
compared with SFBH5Y exosomgsFlow cytometry analysis was performed on
exosomes secreted from the equivalent of 2 T75 flasks as described in Section
4.2.9.1 RNA for miRNA profiling was extracted from exosomes produced by 2 T75
flasks of cells, a quartaf these exosomes were processed for quantification using
nanoparticle tracking analysis to inform number of exosomes profiled. For all
exosome experiments, cells were imaged prior to harvesting and after live and dead

cells were counted using the trypdue exclusion assay.
4.2.12 Isolation and characterisation of exosomes from whole BM

BM aspirates in LAM, as described in Sec#idh3 were centrifuged at 4059 for 5
min upon arrival to pellet cells for NB cell isolation. Theesnatant (media
containing exosomes) was transferred to a falcon and centrifuged for a further 15
min at 3,000g to remove cellular debris. Exosomes were then isolated from this
media as described in SectiGn Each sample as then processed for either NTA,

RNA isolation, immunodetection or flow cytometry.
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4.2.13 Statistical analysis of miRNA profiles
4.2.13.1 Identification of miIRNAs predictive of EFS in BM and PB samples

The initial cohort of PB (n=110) and BM (n=124) miRNA profilesavalysed using

a previously developed multivariate mathematical mog@&tegoryet al., 2016) This
model assumes that the pattern of OS and EFS event times are related to the amount
of residual disease remainiragter treatment, and to its subsequent doubling time.
Factors can be seen to be related to eitlor both of these variable3he component

that quantifies the remaining residual disease relates to the proportion of patients
cured, or with longsurvival following treatment.Because of this, variables that are
related to the amount of residual disease remaining after treatment have greater
relevance for subsequent outcome than those related only to doubling time. The
model produces a ckgquare for each v@able for its effect on both residual disease
and on doubling times. The ehquarevalues for each miRNA calculated from each
model component wee noted. Averages of the 2 ebquare values were also
calculated to enable an overall significance effecb&determined, although the
main focus was on factors which predicted for residual disease after treatriéet
significant miRNAs identified in the analysis of the initial cohort were assessed for
prediction ofsurvivalin the validation cohort of PB (280) and BM (n=100) using
KaplanMeier survval analysi$or both OS and ER@th optimised cutpoints.

4.2.13.2 Comparison of RNA isolation methodology and scientist bias on

mMiRNA profiles

Studies have shown that differential methodologies of RNA isolation ezh tb
changes in the RNA species enrici€nnet al., 2012) The B/ and PB samples were
used to assess two hypotheses; that there would be no bias in sample profiles
correlating to the scientist and that the methodology used to isolate miRNA would
not influence the profiles. PCAghé (as described in Secti@?2.2.2 were used to
visualise the data annotated with isolation methodology and cohbdr each
comparison the global meamumber of miRNAs expressed an@t values of the

snoRNAs U6, U44 and U48 were commbhaeross groups using aest.
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4.2.13.3 Literature search to identify miRNAs reported to predict EFS in

circulating samples

MiRNAs predictive of EFS in circulating biomarkers were identifieddygtematic
review (unpublished data received from Sue BurcHilg presence of these miRNAs
was crosgeferenced with those present on the miRNA TLDA A. miRNAs present
were interrogated for predicting outcome using KaphMeier survival analysis with

cut points detemined using cox regression analysis.
4.2.13.4 Survival analysis to interrogate if selected miRNAs predigtvival

mMiRNAs identified from the previous analysis ditdrature to be predictive of
survivalwere assessed in the PB and BM profiles using Ké&yéaer survival analysis

with optimised cut points.
4.2.13.5 Expression of exosomal miRNAs across matched samples

mMiRNA profiles from exosomes, cells, PB and BM of 4 patients were visualised for
expression patterns using heatmapsd PCA plots as described in Secidh2.2

The expression of miIRNAs detected in exosomal cargo were assessed in other sample
types

4.2.13.6 Changes in miRNA profiles when cells were placed in depleted serum

conditions

Changes in miRNA profiles between cells routireelifured and cells cultured in

medium containing serum depleted of exosomes were assesbBednterrogate

RA T T S NS(viodalkised tokthe global meawalues from theroutinely cultured

cells RCells analysis were deducted from thexosome producingetls ECells

analysis (ECells/ St t ar OKIIyasS Ay k/G0X YAwb!a 2y

sample were also noted.
4.2.13.7 Pathway analysis using selected miRNAs

Significant or interesting miRNAs were further interrogated for pathway analysis,
usingmiRPathas described in Sectid2.3.1
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4.3 Results

4.3.1 Extraction of RNA from PB and BM

RNA was successfully extracted from 224 diagnostic NB BM, 210 diagnostic NB PB
and 36 diagnostic NB plasma. From these samples 100 BM and 100 PB were
extracted as a second cohort to validate miRNA profiles identified as significant in

the initial cohort.

All RNAs from the PB validation cohort had a RIN greater than 7.5 (n= 38 (62
extracted from FT with no total RNA to generate RIN), median 8.6, maxi&m).

The mean small RNA concentration was 243+307pg/ul (n=100, rahg&r'Q). The

BM samples had a median RIN of 7.8 (n=60 (40 extracted from FT with no total RNA
to generate RIN), range 2%5) and a mean small RNA concentration of 884.3+1,300
(n=10Q range 169,201).Comparisons between cohorts for RIN could not be made
as all samples in the initial cohort were extracted using the FT method and therefore

did not have total RNA to generate a RIN.
4.3.2 Cohortand RNA isolation effecten miRNA profile

Ofthe BM samples (n=224) 100 were reverse transcribed, analysed usingRNA
TLDAand data processed byanthe other 114 by M§amantha BrownhilFor the

PB samples (n=210)00 were processed by enand the remaining 11®y Ms
Samantha Brownhill. All RNA from the initial samples were isolated using Fie
method. Of the validation samples 40 BM and 62 PB were isolated WyTthethod

and the remainder usingompleteisolation of total RNAThe data was visualised
using PCA plots, shown in Figure. #£& both PB and Blihere was overlap between

the initial and validation sets showing no complete distinction between eitlaea

set, the PCA showed around 15% variance in PC1 and 10% variance for PC2 for both

sample types.

The global meamumber of expresedmiRNAsand snoRNA / i @ £ dzS& oy 2 N
to the global meahbetween initial and validation cohorts in both BM and \w&e
assessed using&@ (i dzR Stgstia@diplotted as box plots, Figuded. No significant
differences were seen between thHeCt values forsnoORNAs U6 or 4B between

either cohorts. U44 showed significant differences in the BM coHpr<0.04)but
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not the PB(p= 0.9) For both cohorts significardifferences were seen between
global mearvalues(p= 4x10in BM and p=3x1& in PB)and the number of miRNA
expressed(p= 1x16*°in BM and 2x18’ in PB)in both cases the median global mean
was lower in the initial cohorts arnttie number of mMIRNA expresseas increased

in both initial data sets

A B

Initial/Validation BM - Initial/Validation ¢ PB
@ Initial @ Initial
@ Validation @ Validation

PC2 (10.8%)
PC2 (10.6%)

PC1 (17.9%) PC1 (13.4%)

Figure 4.3PCA plotsf initial and validation miRNA profils.

Each point represents a sampl@rediction ellipses are such that with
probability 0.95 a new observation from the same group will fall inside the
ellipse X and Y axis show principal compon@?€) land PC2and the percent

of total variance each explanA, BM initial (redn=114 and \alidation (blue
n=100 miRNA profiles. B, Riitial (red n=110Q and validation (bluen=100Q
MiRNA profiles
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Figure 4.4 Box plots depicting initial vs validation comparison in PB and BM

Box plots show median, uppand lower quartiles and range of global mean,
ydzYoSNJ 2F¥ YAwb! a SELINBaaSR o6/ 4G @It dzS
U44 and U48. * depicts significance {§ dzR Stgstipvalue §0.05)p-values

are stated

A difference between initial and validation awis is that the validation cohort

contains samples where miRNA was isolated using differing methgiéstahe
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PAXgene Blood RNA FT or isolation of total RNA using the PAXgene Blood miRNA kit
(total). To assess the impact of thieth PB and BM profilesere split into groups
basedon miRNA isolation methodologyhe data was visualised using PCA plots,
shown in Figure 4.5. For both cohorts there was overlap between the initial and

validation sets showing no completestinction between either cohort

Themeank Ct values o/44 (p=1.3x10fin PB and 1x1&in BM Figure 4.pandU48
(p=0.001in PB and 1x1& in BM) were significantly lower in the FT cohorts of both
sample types, U6 remained not significant. The miRNA TLDA manual states the
method to i®late the total RNA must preserve the small RNA fraction, commenting
that if the small RNA is later enriched the longer snoRNA transcripts may be lost,
suggesting a cause for the lower expression of snoRNAs U44 and U48 in the FT
cohorts. There was a sigidntly higher number of miRNAs expressed in the PB FT
cohort, no difference was seen in the BM cohort. The level of miRNA enrichment is
known to be effected by sample preparation, small RNAs with a low GC content have
a lower isolation when long cellul®NAs are not present to act as carriers for
precipitation(Kimet al,, 2012) In total there were more statistical differences seen
when comparing isolation methodologies, a possible cause for differences present

between initial and validation cohorts.

A B

miRNA isolation 507 miRNA isolation
@ Flow through BM @ Flow through ° PB
W Total RNA M Total RNA

PC2 (10.8%)
PC2 (10.6%)

PC1(17.9%) PC1(13.4%)

Figure 4.5PCA plots oF Tand total RNA extraction miRNA profiles

Each point represents a sample, prediction ellipses are such that with
probability 0.95 a new observation from the same group will fall inside the
ellipse. X and Y axis show P@22and the percent of total variance each
explainsA, BM FTred, n=154 andtotal (blue, n=6Q miRNA profiles. B, FE
(red, n=172) and t@al (blue, n=38) miRNA profiles.
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4.3.3 Initial cohort of PB and BM identified 9 miRNAs as predictive of

outcome

Statistical analsis identifiedhsamiR4503 hsamiR200¢ U6, hsamiR23b, hsa
MiR129-3p, hsamiR-218-5p, hsamiR362-3p, hsamiR 8855 andhsamiR95-3p as
having a significant correlation to suraly The analysis modelled both residual
diseaseand doubling timefor both EFS and Q&s discussedrhe cumulative chi
square scores were calculated for several combinations of groupings, all shown in
Table 4.5(hi-square values greater than 10i@icatea p-value of<0.001and this

value was therefore chosen as a aff to identify significant miRNAs, to allow for

the multiple testing nature of the model used. Table 4.5 shows the significant
miRNAs identified. The predictive significance of U6 highlights conclusions drawn in

Chapter 3 about the unsuitability as a recommded control gene.

Table 4. 5miRNAs expressed in BM or PB significantly predictive of survival

These miRNAs haalsignificant chisquareof greater than 10.8, representative
of a pvalue of 0.001. These miRNAs are predictiviertbr OSwhen expressed

in the PB or BMItalicsindicate miRNAs identified using the residual disease
model andboldthose using the doubling time model. There were no significant
mMiRNAs identified in PB OS, PB & BM OS, or PB OS8aB/s8s

t 9 a h{ .a 9(t'fj - ahd L Ef
9 C{ 9 C{
YAmvp n| YAmwn n|YAmvHoply YAmwvn n| YAmwn n| YATWA N
e YAmvo Of YA n|Y AtwHmpl Y Amev My L
YAmwn n| YAmvA n|YAmvMy Ll Y Atovcrel I Y Atwv Hiopl
Y Ao 0 Y Ao 0
Y AtovcTel L Y ATvA N
Y Atwymp L
Y ATgp

Interestingly both miRB62-3p and miR885-5p are linked to MCM5. In NB m@85
5p is described to increase p53 via CDK2 and MCMS5 resulting in reduced proliferation
and cell survival, miRB62-3p has not been studied in NB but in cervical

adenocarcinoma shows the same effects on outcdianget al., 2018) miR218
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5p has also been reported in NB, not in relation to survival but an increase in
expression was seen when conmjpgy NB tumour to dorsal root gangligMegiorni

et al, 2017) miR129-3p has not been reported vhin NB but in other cancers is
reported to increase drug resistance and promote metastégignget al., 2015,

Bijnsdorpet al., 2016)
4.3.4 Validation of miR218-5p

mMiR-218-5p, oneof the identified 9 MiIRNAs from ¢hinitial analysis asvalidated in

the second ohorts using survival analysis. For all other miRNAslpes were
greater than 0.05showing nasignificance Table4.6. Thesenon-significant results
couldtherefore, have been purely chance findings, demdatively the variability in
outcomes was sufficiently large that sample sizes were insufficient to allow
validation.In the initial cohort miRR18-5p was predictive of EFS in the BM, in the
validation analysis it was not significant (p=0.4), howeweag significant for EFS in

the PB (p=0.0ZFigure 4.Y.
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Figure4.7 Suvival vs miR218-5p expression in PB
KaplanMeier survival curves of EFS in relation to the expression cRaBp
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f AyS ' -R18Bpgraater thai 3yn = number of samples analysed.



Table 4.6 Results of validation analyses for miRNA predictive of survival in initial

cohort.

-164-

For bothBM and PB cohorts each miRNA was evaluated adakfsir OS

BM validation
_ EFS oS
MIRNA
chi-square (pvalue) chi-square (pvalue)
miR450a 0.6 (0.4) 0.5 (0.5)
miR200c 0.7 (0.4) 0.7 (0.4)
U6 0.7 (0.4) 1.6 (0.2)
miR23b 0(1) 0.3 (0.6)
miR129 2.4 (01) 0.2 (0.7)
miR218 0.9 (0.4) 0.01 (0.9)
miR362 0.4 (0.5) 0.5 (0.5)
miR885 0.2 (0.6) 0.4 (0.5)
miR95 0.04 (0.8) 0.3 (0.6)
PBvalidation
EFS oS
MiRNA
chi-square (pvalue) chi-square (pvalue)
miR450a 0.4 (0.5) 0 (1)
miR200c 0.4 (0.5) 0.5(0.5
U6 0.2 (0.7) 0.5 (0.5)
miR23b 0.2 (0.7) 0.02 (0.9)
miR129 2.5 (0.1) 0.6 (0.4)
miR218 5.2 (0.02) 1.7 (0.2)
mMiR362 3.2 (0.07) 0.4 (0.5)
miR885 0 (1) 0.03 (0.9)
miR95 3.3 (0.07) 0.5 (0.5)
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4.3.5 miR-21-5p, miR95-3p and miR376c3p identified in the literature

were predictive of survival in NB

A total of 51 miRNAs were identified from the literature as circulating biomarkers
predictive of EFS. Of these 26 were present in thdilerof the miRNATLDAThe
expression of these miRNAs were assesseddrv#tidation cohorts of both PB and

BM (n=100 in each). There were 3 miRNA identified as predictive of survival. Most
significant was miRR 1-5p which predicted both EFS and OS in BM (p<0.001 for both,
Figure4.8). miR95-3p was predictive of EFS in PB (8, Figure ) and miR
376¢3p was predictive of ES in the BM (p=0.04, Figure 4.10
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Figure 48 Suvival vs miR21-5p expression in BM

KaplanMeier survival curves of OS (A) and EFS (B) in relation to the expression
of miR21-5pin BM at diagnosisnS R f Ay S -P1-5fkequal toPoflesy A w
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Figure 49 Suvival vs miR95-3p expression in PB

Survival probability (EFS)

KaplanMeier survival curve of EFS in relation to the expressiamiBf95-3p
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Figure 410 Suvival vs miR376¢3p expression in BM

KaplanMeier survival curves of 8) and EFS (B) in riétan to the expression

of MR376e3pAyY . a |4 RAI3Iy2aird3c3pequrSoot Ay S T
fSaa GKIYy MdHI -G greateytlan 1.2, ik # numb2rof Y A w
samples analysed.

4.3.6 mMIiRNAs significantly linked to migrain detected in PB and BM

The miRNA identified in Chapter 3 as correlating with migration wasA8iWg&3p.
Within the PB and BM cohort (both initial and validation) there were more samples
without expression of mi#87a3p. In the BMcohort, 132 sampésdid not express

the miRNAbut there were84 samples with detectable expression. In the PB 189
samplesdid not express whereas 21 didowever, miRI87a3p was not predictive

in the BM or PB.
4.3.7 miRNAs significatly linked to selfrenewal detected in BB and BM

Several miRNAs were correlated with a-sefiewing phenotype in Chapter B)iR
8855p, miR6185p, miR186:5p, mMiR744-5p, let7c5p and miR331-5p. The
presence of these miRNAs in PB and BM samples is summarised ird.Vablee
MiRNAs with thenighest expression are the same for both cohonsR186-5p is
expressed in all BM and PB samples, and was also expressing in all NB cells profiled.
Next most highly expressed in both cohorts in #R-5p then miR8855p which

had the lowest number ofedls expressing at only XTable 3.6)In cells a high level

of 8855p correlated with a high selenewing phenotype, contrary to the literature
where high levels have shown increased p53 activation and a downregulation of
proliferation. Within the BMlevek of miR885-5p predicted EFS in the initial cohort,
none of the remaining miRNAs identified as predictive of survival in BM NB cells were
predictive in PB or BM.

Table 4.7 Detection of miRNA correlatingvith a self-renewing phenotype in BM
and PB cobrts.

The number of samples expressing (Ct value <35) each of the miRNAs identified
as correlated to a selenewing phenotype. BM total is 216 samples; 116 from
initial cohort and 100 from validation cohort. PB total is 210 samples; 110 from
initial cohott and 100 from validation cohort.

MiRNA Number BM expressing| Number of PB expressin
miR885-5p 171/216 186/210
miR186-5p 216/216 210/210
mMiR744-5p 212/216 208/210

let-7¢-5p 102/216 68/210
miR6185p 114/216 108/210
miR331-5p 117/216 34/210
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4.3.8 Detemining optimalmethods forexosome isolatiorfrom cell

culture mediausing SHSY5Y

SHSY5Y cells were used to determine the optimum methods for isolation and
characterisationof exosomes from the cell mediance optimised these methods
were then used tosolated and characterise exosomes from 8 primdBrcultures

isolatefrom diagnostic BM aspirates.
4.3.8.1 Optimum mediafor collection of exosomes contained depleted serum

There was no difference in the growth curves betweerSM3Y cells maintained in
complete nedia and medi supplemented with depleted serunfFigure 4.11The
growth curve of cells cultured in medivithout serum showed a significant decrease
compared with both full me@i (adjusted pvalue <0.0001) and depleted medi
(adjusted pvalue <0.0001). Alfurther experiments collected exosomes into
depleted media as this did not affect the growth of the cells and would prevent

isolation and characterisation of bovine exosomes.

- DMEM + 10% FCS + Glutamine
& DMEM + Glutamine
-4 DMEM + 10% exosome depleted FCS + Glutamine

251

Viable SH-SY5Y cell number
(fold change relative to Oh)

0 50 100 150
Time in hours (h)

Figure 411 Viable SHSY5Y cell number in different media over 120h

Viablecell number is expressed as fold increase to viable cell number at Oh.
Cells were counted using theall after incubation in complete (DMEM + 10%
FCS 2mM glutaming, serum free (DMEM 2mM glutaming or depleted
(DMEM + 10% depleted FC3mM glutamire) media. * p<0.001.
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4.3.8.2 SHSY5Y reached 90%confluency at 48h after initial seededkat3

Optimd seeding density to achieve 90%onfluency at 48h incubation whilst
maintaining high viability wasx@(® cells. As shown in Figu#el2, cells were overly
confluent when seeded at 4x®0and when seeded at the lower densities the
confluency was under 90% and cell morphology appeared abnormal, the cells were
not adherent, rounding and potentially dying. When seededxdt®Bthere was also

the highest number of viabl cells harvested at 48h, meaning more viable cells to
produce exosomes and thefore maximum exosome harvestll following
experiments using SBY5Y exosomes were isolated after seeding density of 3x10
cells at Oh replaced with depleted serum media dh2nd incubated for a further
48h.

0.25x10° cells -~ 0.5x10°cells -~ 1x10°cells --- 1.5x10°cells

2x10° cells ___  2.5x10°cells __- 3x10°cells ~_- 4x106cells
B 12

10 s

Viable cells number
48h post media change (x10°%)
[0)]

0 1 2 3 4 5
Viable cell number at Oh (x10°9)

Figure 4.2 Optimisation of seeding density to achieve 90% confluency

A, photographs of SI3Y5Y cells 48h post media charadldmages takeat 10x
magnification B, cells were harvested and counted using theeli results are
shown as mean + SEM, n=9
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4.3.9 Optimal methods forsizingand quantifyingexosomessolated from
NB cells

4.3.9.1 Nanoparticle tracking analysis reportxesomes isolated froniNBcells

of expectedsize

Cell Guidance Systems pide a nanoparticle trackaq analysisservice using the
ZetaView. Results of exosomes isolated from 1 &k fbf SFSY5Y showed a mean
+standard deviatiorparticle diameter of 100+41nm and a concentration of 8.7%5x10
particles per ml, resulting in a total of 1.75%articles.The primary cells showed
heterogeneity in number of exosomes produced by each sample, mean value was
4000 exosomes per cell (range from 2B8,000) illustrating the range in secretion
activity of different samples. All exosome samples analysed from primmareze
within the expected size; range of average vesicle siz&38&m. These sizeof
particles are consistent with the reported size of exosomesample of 0.1um

filtered PBS was analysed and no particles were detected.
4.3.9.2 TEM detects exosomes isolatetbim NB cells of expected size

Exosomes isolated from Sk¥5Y cells were observed with a reported concave
morphology and with a diamet of approximately 100m, also reported. TEM was
not performed on exosomes isolated from primary BM NB cells The optimum
methodology to image exosomes using TEM was to stain only witlEkl®dsomes
that were stained using &atio of methyl cellulose and uranyl acetappeared less
focused than samples stained with uranyl acetately as shown irFigure4.13.
Samples fixed 2% HFA were less clumped, allowing obsereatiof the concave

morphology of single exosomes as illustratedrigure 4.4.
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No methyl cellulose Methyl cellulose

Figure 4.B TEM images of exosomes stained with or without methyl cellulose

Exosomes were isolated from SY5Y cells and afterqeessing were imaged
using a JEM 1400 transmission electron microscope at 100Kv. Images were
captured on AMT 1k CCD running on AMT c602 software. All images are taken
from exosomes stained 96h post isolation resuspended in PBS.
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Exosomes resuspended in PBS Exosomes resuspended in 2% PFA

;‘? . g~ -

N 4 R ) .

sl ; :
“

Figure 414 TEM images bexosomes fixed in 2% PFA or resuspended in PBS.

Exosomes were isolated from SY5Y cells and after processing were imaged
using a JEM 1400 transmission electron microscope at 100Kv. Images were
captured on AMT 1k CCD running on AMT c602 software. rAplea were
processed 96h after isolation. Single exosomes with concave morphology are
highlighted by arrow.

4.3.9.3 Exosomesisolated from NB cells with a size between 1:300nmwere

detected and quantified using flow cytometry

SHSY5Y exosomes were used to opsienidetection of exosomes using flow
cytometry. CellTrace positive vesicles ranging in size frol@008m were recorded

for all primary cultures analysed (n=8). The mean CellTrace positive event number
(sizes 108®00nm) was 87,290 (n=8; range 617288,773) this reflects the
heterogeneity seen when number was analysed using nanoparticle tracking analysis.
The mean CellTrace positivity was 31% of events in thedQ0@m gate (n=8; range
11-50). Although exosomes are reported to be aro@@L50nm in diameteL6tvall

et al, 2014 ellTrace posve events were visualised in the 3600nm and 500

900nm gates. These events may be larger vesicles stained with CellTrace, or doublets
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and larger aggregations of exosomes. The latter is supported by the linear
relationship between size and fluorescerseen in Figure 451 To determine if all
of these vesicles detected in larger gate sizes were exosomes staining with

antibodies against exosomal markers was done, see Set#h0.2
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Figure 4.5 CellTrace positive exosomésolated from BM NB cells.

Exosomes were stained with 1uM CellTrace and analysed for 2 min at a flow
rate of 10ul/min. Events within 16000nm gate are shown. The CellTrace
fluorescence was measured on the APC channel. Blue gate shows CellTrace
positivityas defined by a CellTrace only sampk8 primary exosome samples
were analysedSSC denotes side scatter.

At a concentration of 2uM the CellTrace alone generatduls&in-first-out (FIFQ
abort rate of 18%, this dropped to 2% at 1uM and fell even lofwe each further

drop in concentration, as shown Figure4.16. For each concentration exosomes
from the equivalent of 1, 0.5 and 0.25 million cells were stained, the optimum
number of exosomes to stain was that from 0.5 million cells. At 1uM ther® is n
difference in particle number between 0.5 or 1 million cells equivalent exosomes, as

the amount of CellTrace cannot stain anymore particles, as showigume 1.5.
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Figure 4.5 Optimisation of exosome number and CellTrace staining
concentration

Buffer (PBS), unstained exosomes and DMSO control tubes are shown. A, abort
rate of each sample tube as a percentage of total eveB)t8PC positive event
number; events within the 106B00nm gate. Cmedian fluorescence of APC
height. All samples were run wita fluorescent APC threshold of 7,000. The
APC positive gate was set using a sample of 0.1um filtered PBS and the size
gates were set using Megamix Plu€H®ads.
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4.3.10 Expresion of exosome specific markers
4.3.10.1 Exosome marker CD63 was detected by western i

SHSY5Y exosome protein showed expression of exosomal markers CD63 and TSG
101, however, exosomal markers CD9 aetl division control protein 42 homolog
(CDC42were not detected within the SI3Y5Y exosomes. Literature suggests that
exosomes from dfiering origins will express varying exosomal mark¥iesshiokaet

al., 2013) The presence of 50% of the ted exosomal markers is good evidence
exosomes were isolated. Further confidence comes from no presence of cellular
membrane markepan cadherin mitochondrial markerdieat shock proteinHsp

70, Hsp90 or Grp75, endosomal marker EEAL or nuclear mark&tTIBH within the
exosomal protein extract suggesting the pellet was free from these cellular
contaminants There was also no detection of Ago2 a protein linked to circulating
MiRNA, suggesting no céike miRNA that was not packaged within exosomes had
been isolated alongside the vesicles, this observation is important as circulating
mMiRNAs contaminating the exosomal fraction would make it difficult to draw
biological conclusions from the hypothesis that miRNAs profiled have importance
due to active packdgy 3® ¢ KSNB 4 & lactiowitlyinrRhe Bx®sorBad i S R
fraction, this is widely repoed within the literature sometimes useds a loading
control (Bosqueet al., 2016) The presence dfAMPR1, a lysosomal marker, and
glyceraldehyde phosphate dehydrogenas@APDH a cytosolic marker, suggest
impurities within the exosome fraction. Although LANIRs used as a lysosomal
marker, result§from vesiclepedida publidy available databaseith information on
extracellular vesicles www.microvesicles.osflow the detection of this protein
within exosomes by mass spectrometry, flow cytometwestern blottingand TEM
suggesting this may be a true marker within exosomathar than lysosomal
impurities GAPDH is also commonly reported to be present within exosomes
isolated from a wide range of cells, including(NBirimpietriet al,, 2013) All cellular
markers were present within the noighed SHSY5Y cefrotein extractconfirming

the success of immunodetectiqfrigure 417).
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SH-SY5Y cells
SHSY5Y exosomes

< CD63 30-60kDa

< CD9 25kDa

< CDC42 21kDa

' < Ago2 97kDa
75kDa

< Hsp70 70kDa
63kDa
48KDa € T5G-10147kDa
180kDa
< EEA1 180kDa
135kDa
135kDa & Pan cadherin 125kDa
100kDa e < Hsp90 90kDa
75kDa M. | — € Grp7575kDa
63kDa
48kDa < TATA TBP 38kDa

135kDa

- < LAMP1 120kDa
100kDa

48kDa w - . & B Actin 42kDa
—— » < GAPDH 36kDa
35kDa -

Figure 4.7 Immunodetection of exosome and cellular markers in SN5Y
exosome and paired cell protein

20ug of protein was loaded into each well. MW = molecwarght marker.
kDa denotes kilodalton.
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Figure 4.8 Immunodetection ofexosomalmarkers inprimary BM NBexosone
and paired cell protein

20pg of cellular protein was loaded for each primarafrom 601, denoted

by *, where 5ug was loaded. A volume of 5ul of protein was loaded for each
exosomal well. MW = molecular weight mark&hen exposed for the time
needed to detect exosomal bands (high exposure) cell extracts were over
exposed for CDG3therefore a lower exposure image is also includeda
denotes kilodalton.

Exosomes isolated from all 8 primary cultures showed expression of Eidg8e
4.18), with a lower intensity than that of # parent cells, this is due tower levels
of protein loaded into the exosome wells. Nookthe exosomes showed expression
of CD81(Figure 4.8) or TSGLO1 (data not shown)ut this could be a result of low
level protein. For the SI8Y5Y blot 20ug of protein wasededto detect TS&EO01.
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There were no cellular markers detected in the exosofradtions of the 8 pmary

cultures and all positive controfhowed strong band&ata not shown)

4.3.10.2 Exosome markers CD63 and CD81 were detected using flow cytometry

Exosomes from 8 BM NB cells were positive for CD63, CD81 ar{f#fi@De 4.9).
Exosomes were first selected BellTrace positivity and presence within the 100
900nm gate, see Sectioh3.9.3 This positive population was then analysed for
positivity of exosomal or NB marker. Exosomal markers were present on all exosome
populations; CD® mean positivity 81% (n=8; range-99), CD81 mean positivity
88% (n=8, range 5%99). These results suggest that most of the vesicles isolated from
BM NB cells are exosomes as they expressed exosomal markerex@i@ssion
would infer exosomes are beirsgcreted by Gppositive cells, although lower than
CD63 and CD81 @as detected in all exosome populations. Mear, @bsitivity

23% (n=8; range-32). These results confirm | have isolated exosomes from GD

positive cells.
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Figure 4.8 CD63, CD81 an@dD positive exosomes isolated from BM NB cells.



-181-

Exosomes were stained with CellTrace and for either CD63, CD8% thhe@GD
analysed for 2 min at a flow rate of 10ul/min. The CellTrace fluorescence was
measured on the APC channel, CD63 on the PB450, @82 FITC and GD

on the PE. Events within 8D0nm gate are shown. A shows CellTrace positive
cells stained for CD63; B, CellTrace positive cells stained for CD81 and C,
CellTrace positive cells stained for GIn each case the shows marker
positivity as defined by an antibody only sample. 8 primary exosome samples
were analysedSSC denotes side scatter.

4.3.11 Isolation of exosomes from clinical samples

Exosomes were successfully isolated from whole BM befoegpGditive cells were
isolated. After the irtial centrifugation step (Sectiod.2.3 the LAM was collected
and exosomes were isolated as described in SedioA total of 21 exosome
populations were isolated this way. These exosomesewsrexpected size when
analysed using nanoparticle tracking analysisan diameter of particles wa®0nm
(n=9; range 58-124nm). Detetion of exosomal markers CD63 a@D81 wa
observedWestern blot analysis detected CD63 in 100% samples (n=4) alti@{gh
101 was not detected in anyhis is similar to the cell derived exosomes in which
TST101 was detectednly in SHSY5Y exosomes when a large amounprotein
lysate wasanalysed Flow cytometry analysis showed both CD63 and CD81 positive
vesicles irall samples analysed (n=38).addition the NB marker GDwas detected
suggesting NB cells secrete exosomes into the BM microenvironi@aatl RNAs
were detected in the exosomal cargthe mean small RNA concentration was
5773pg/ul (n=5; range 227,849 the large range probably due to the range in cell
number in each sample (wcc range 11,860x16). Thecargo of these exosomes

was not profiled.
4.3.12 Characterisation of isolated exosomé&NA cargo
4.3.12.1 Enrichment of small RNAs in exosome fraction

Small RNAs atluding miRNAs arenriched in exosomal cargdhemean small RNA
concentration as measured on the agilent significantly (p=0.03, paivesdt)
increased from 68pg/ul (n=8, rangelB85) in cell RNA extract to 223pg/ul (n=8,
range 141274) in exosome RNAteact. Similarly there was a significant increase in
the miRNA % of these small RNAs (p=3xIaired ttest). Cell RNA had a mean
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MIiRNA % of 11% (n=8, rang24), in exosome RNA this increased to 60% (n=8, range
4991).

4.3.12.2 miRNA profiles cluster into saple-centric groups

Exosomal cargo was isolattdm BM derived NB celfsom 4 patientsthe miRNA
content then profiled using miRNA TLDAs. For each of these patients the paired
diagnosticBM, PB and cell profiles were available. There were 2 cell moEM
derived NB cells in routine culture (RCells) and BM derived NB cells used to secrete
exosomes(ECells)miRNA profgs cluster into sampteentric groups rather than
patient-centric, this pattern is observed both in the heat map and the PCA plot,
Figure 4.20. This suggests there are more miRNAs shared withth sampletype

than those shared within theame patient. BM and PB samples clustagether,
separated from the deéand exosome profiles Figure20. Both PB and BM have a
large haematopoieticcomponent expressing the same miRN#using them to
group within the plots Although both cell profiles also cluster together, due to
simila miRNAs from cellular processeke two cell sub groups (ECells and RCells)

showsome difference in clustering both plots.
4.3.12.3 Comparison otellular miRNA profiles

Analysis of RCells and ECe#lsealed different miRNA profiles. Tinterrogate

RA T TSNS yidintabiséd toktte global medwalues fromanalysis othe RCells

were deducted from the ECells analysis (E®@eflsSt f al OKI y3IS Ay k.
expressed (Ct <35) only one sample type weneoted. Ameanof 24 miRNAs were

only present in RCells, significantly higher p=0.008 (pairedt), than in ECells

(mean= 9).A single miRNA was consistently present in all ECells and absent in all
RCells, mi#890-5p. This igeported to be downregulated byransforming growth

factor beta (TGF ) and further involved inthis signalling pathwayy inhibiting

mothers against decapentaplegic homologSBMAD3J (EkhteraeiTousiet al.,, 2015,
Jafarzadeh and Soltani, 2016, Ouyah@l., 2016) miRPath shows ni®t590-5p has
involvementin 3 pathways; panthothenate biosynthesis, calcium reabsorption and

lung cancerComparinghe number of miRNAs that had a greaterthak2 & OK I y 3§
in expresion did not show significanceean value o26 miRNAs wermore highly

expressed in ECells and 25 had lower expregsiata not shown)
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TheECellswere at a higher passage when pelleted after exosome isolation, 601 was
4 passages higher, 2130, 24196 and 4284 were each 1 passage greater than the
RCells. This could explain sorof the changes seen between the 2 profiles as
changes to miRNA profiles are reported in the literature throughout increased
culturing (Bonifacio and Jarstfer, 2010, Kuosmameetral, 2017) However 601, the
culture with the greatest passage change is also the culture where RCells and ECells
are most similar suggesting this culture is stable. A furtbeplanationis the
difference could be caused by the depleted serum culturing conditions; the ECells
were harvestd after exosome isolation requimy maintenance in culture medveith

exosome depleted FCS for 48h
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Figure 420 Visualisation of miRNA profiles of matched BM, PB, cells and exosomes
from 4 patients



