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Abstract

Pri mary bone <cancers ar e rare and often fatal
teenagers and young adults, with osteosarcoma t|
Despite i ntaeresnitv ec hneurottih eg alpwa ggen ds Urigrebr y toa ampu
53% of osteosarcoma pat-liieme st herd apises &me seltowmmnd
patients, and without complete recleicniioal trmodeli:
chemoresistance suggest a consbderahe appnbaah T
of new models and overcome a 50 year i mpasse ||
osteosarcoma cell lines were treated with doxor
This produced multiple vancantsrwituhthecréeasenpi
assays revealed that resistant variants had a
alongside observed alterations in mineralisation

reveal ed astbheaally stismour gr owt h and pul monary m

intracardiac injection, demonstrating the establ
mo d e | of osteosarcoma i-nhBaludhputhnudirugni c@r e eHnign
modeleveal ed t hat modul at or s of neur onal pat hw

Transcriptomic analysis revealed a common subse
across all model s. bRhdrse feurrgim@gira wyayina lat eng as n
patways that may provide promise for many young
The efficacy of five compounds was also demonstr

ost eosairnc oanratdr @ hi s warrants further iimveistdgatio
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Chapter 1: |l ntroducti on
Pri mary bone cancer (-PB&LNngisgaddeadsty ahtdetifmrg

and young adults. Greater research is required t

patients respodagemodorchy moodo hmu latpiya pasned aenxdp enmei t eansct ea

Initially, this chapter provides an overview to
the subj ekdl lodwiPBgde pht 8, i ahroduction to the most
children and adolescéngbtissapeasi 6ed &ndthieghres
overview of the issue of dme nmoordeeshiss tiann cues ea nwd tthhier
is covered in Chapter 2.

Nor mal bone devel opment

I n order to understand PBC it is imperative to
Bone ossification during embryogenesis occurs by
mesenchymal precursor cells (Fig. fpmenThesdcnongta
around age 25. I ntramembranous ossification i s
repl acement of mesenchyme, which is the |l oosely
mul tiple stem cell popul ations thatd, f&r met dat i n
This occurs through the differentiation of mese:]
bone by the production of collagen, predominantl

containing calcosphecgiudmtaernsd cophhpopsleat eof( Miadur a,
Some osteoblasts become embedded within this ma
changes and form osteocytes with mechanosensory
the control of dromtei dmramad iminnerrelsi sation (Schaf

D. 2012) . During embryogenesi s, mesenchymal ster

—
0

e periosteum, with osteoblasts on the inner su
st eoi dc oornt itchael surface of bone. Craniofaci al bo

curs via intramembranous ossificati on. Il n t hi ¢

- O O
(@)

rom neur al crest cell s, with some of btl oeode al
ssels (Gilbert, S. F. 2000). In contrast, endo

- o0

mesenchymal precursors into chondrocytes t he

O o <

(@]

Il agenous cartilage scaff ol de tdheaatt hi so fr ecphl cancderdc

=]

filtration of Dblood vessels and mineralising

o
(¢}

cur s in the | ong bones during embryogenesi s

D

vel opment of the | ong boyo nbeost hd unmmei chnhga npiusbnesr,t ywiotchc

growth extending bone |l ength at the epiphyseal p
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e at the cortex along the diaphysis (Midura,
e in the regulation of bone ossificati on, wi t
night in endochondr al and i ndEladreebnby R.nbeits dlo.
3; Yu, S. et al. 2022). Interestingly, change
tors and i nsul in are also mo d ul attiende bbyonteh e
eralisation coincidimg wint oshieglyehecelasidofyin
tem factor (Serin, Y. and Tek, N. A. 2019). My
ur postnatally with fracture healing and inc
i ated by rmeldlgiethgp g( Margt kamp, A. et al . 1998) .

bal ance with bone resorption performed by o
eage within bone marrow. Osteoclasts target
di fi catéednbyneai vacuol ar proton pump within t|

ymatic digestion mediated in part by cathepsi

i nnervation and vascukmowrs.at iBon h ofsy rapaiteh ei
asympat hetic nerves are in close proximity t
osing actions within the body, with sympathet
ght or flight®©o adrenergic signalling and t
tylcholine receptors. This is ahaotl obgetaede
moting bone resorption and parasympathetic
rotransmitter neuropeptide Y (NPY) affects bo
ferentiati on. I n contrasarcahildberso yolfgA@)lceeirre h d d
eobl ast s prevents activation of the <cannabi
ulting in reduced bone mass. Further mor e, t |
ding affects the expressToml ionfs osnensRo.r yE.n eaitr o
ma | bone is therefoway retgalsiat ket wden thbhoen et wo
rons. Sensory nerves present within the peri

n during disease oreimdjeedynwhghwihédi agebyisda
1). Aside from its role in endochondr al bon:e
cture repair, with endotheli al progenitors r
egul atiam eMdootalseluil al growth factor (VEGF) (L
s demonstrates the contribution of bone inner

ma | bone devel opment and repair.
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Figure 1. Nor mal borme meteowdlacpment and
I ntramembranous and endochondr al bone formati or
foll owed by bone homeostasis mediated by osteob
figure was partly generated using Serviielrabedi ca
under CC BY 3.0 (https://creativecommons.org/lic
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Pri mary bone cancer

I n Engl and, PBC accounts for approximately 4.2%
During t20l6l9®eri od, PBC had the second | owest
popul ation after hepatic cancer (57 .s4%)g.e Agpporugpx i

wer e di agnosed as osteosar coma (49 %), foll owe
chondrosarcoma (6 %), with the remaining 9% unsp
mo s t common form of PBC in children, itfewemtalgermr s
di scussed in greater detail bel ow.

|l nci dence

I n 2020, 124 people were diagnosed with osteosar
mi | I(iINMH's di gital, 20223an ®Oppeosfamladbentay @t er 1 nci
adol escent -lnd4l gseang dé&mpared to females of the
di fference i n chiolsdireeons adricaogmao s(eVde | vhigtelt e @s aet o mh .
is the only PBC that displays a bimodal age dist
patient s2Agyaarld. Speci fi callds ;ladat hyfidsa rosc canrds iinn nfe

1519 years (Cole, S. et al. 2022), which is consi
(Price, C. H. G. 1958). A second smaller peak i s
i s associated wiotslarceowamanddmy tdhet US, the inciden:«
hi gher in Black and Hispanic patient.s across all/l
Di agnosis: a |l engthy patient experienc

Recentl vy, the |l argest PBC charity in the UK, t h
survey to understand the experience of those aff
i mprovements. This included reportimsg amnfd ey ayym
di agnosi s. I nitially most patients described vi
the 11% of PBC patients that were admitted to th

initial presentation, over t §0%epné& ©Chtéedr an agni
osteosam8&atast eosacaedemam were | ocated Ciommohe | o0\
symptoms for this included chronic or intermitt
worsens overnight, a visible [ ump, l'i mp and sti
wei ght l ossn(dablee sat)yhcolnag i cpa l fractures were r¢«

14%0st eosarcoma also presented within the wupper
craniofaci ghntowesshp(idnvet h(e2 %) (Bone Cancer Resear

separate study also identified the | ower | ong bo
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patient ss9agedrs, however the pelvis was predomi
years (Col e, S. et al . 2022). The patient surve
|l ocations symptoms were | argely 8emomut asiteitHowea
a |lump was not observed in spinal osteosarcoma

cases of the jaw. UfioveiiP8B&l bdgedmspodiragmgsi 1j ur i e

or a pulled muscl e, and thiirs texmawmrdse doft ot mer pel
toothache in those with craniofacial sarcoma (B
generalised symptoms and misdiagnosi s, it has |

prolonged diagnosis with 18%83r @dpgrst eachda v enr asgoemet icr

pat hol ogi cal fracture during nor mal activities
interval, defined as the time taken for a patien
advi ce, often e€&83%®Wepdsn lPBGNtWhilst the patient i
taken for a patient to seek medical advice after
(67 %) . I nterestingly, children experience both
wh ch may be reflected in their more favourabl e
di agnostic intervals were prolonged in adolesce
Research Trust, 2020). | mprovements ttoo adlwlrte scsar
the prolonged diagnostic interval that may contr

patients.
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Sympt oms Osteosarcom

Chronic or inter 69 %

Pain at the tun 6 3%

Pain that worsen 39%

Visible | ump 47 %

Fracture 14 %

Li mp 54 %

Stiffness 47 %

Fatigue 28 %

Wei ght | oss 16 %
Table 1. Common symptoms of osteosarcoma affecti
Percentages are based on the t o)tcaals emsumbeegrardfl ess
tumour site (Bone Cancer Research Trust, 2020).
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Subtypes

Osteosarcoma is heterogeneous, wWith subtypes dis
and either a centr al or surface location (Fig. 2
for 85% of cases and may be defirnédbaosblastteablda

on the deposition of an osteoid or carsthiapaegd n o u ¢

cells (Fig. 3) . Tel angiectatic osteosarcoma occ
osteolysis, aberrant amssi foif c ptoioand yarfdrane dalbvwarsdc u
of centr al osteosgradma dinsgtd ude@uilsohwe d by hypoc
mi neralised matri x, as wel | as small cel | OSt eo:s
matri x. Surf acer eomsdiemislaarcloynasa-peradadsuntcacde |phaoi

and periosteal (Rothzerg, E. et al. 2023).
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Figure 2. Representative radiographic i mages of
(A) Centr al osteosar coma wi t h medul | ary invol ve
appearance, with presence of C8dmPadosstaealanglue
osteosarcoma with mineralised outgrowthCfrom t
Periosteal osteosarcoma shows growth D)i tHi ghi fti
grade surface P2PQ®t doagrecsoma.apt ed from Kundu, Z.

under ®@BCSBY3DO.l Mage from Deng, Z. et BYNCG (2020)
ND 4. 0.
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Figure 3. Representative images of central osteoc
(A)Conventional fibroblastsbapetdecsbht somadwi btv sp
B) Conventional <chondrobl astic ost@ o sCorncveemnma ivointal

osteobl astic osteosarcoma with osteoidD)(green)
Tel angiectatic osteosarcoma with osteoidE)(green)

Lograde osteosarcoma characterised by hypocell
regions HblSamak) . cEel | osteosarcomandi sei hguiasie @
matrix (green). |l mages were taken at x40 magni fi

et al . 2023 available under CC BY 4. 0.
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Aeti ol ogy

Genetic basis

Osteosarclhimahliys raet er ogeneous cancer | argely calu
(Bousquet, M. et al . 2016) and displays many

alterations (Chen, X. et al. 2014). Patients wit
ri sktebsascoma during their |ifetime.TPBIBIBX inclu
i nL4Fr aumeni syndr ome, | oss of retinobl ast oma

retinoblastoma, and | oss of DNA fiflkompace,s Wear ndire
and Bloom (Savage, S. A. and Mirabello, L. 2010)
after pri mary <cancer of the smooth muscl e, adr ¢
adrenocortical carcinoma and ichwelryi dCpllexuS. catr
Paget s disease of the bone is characterised by
thef?20d hyperactivity of osteocl ast s, foll owed
medi ated by osteobl astBhi Roiod mainpnk&d Do L1BIGT .0s
however is more common in those over 60 years (14
Cell of origin

The cell of origin is widely debated in osteosa
mal i gnant transformation of mesenchymal stem cC ¢
osteoblasts (Quist, T. et al . 2015) malrrkeonef st
osteobl ast di fferentiati on, was absent or reduc
nor mal Cbonmersely, levels of the transaonkepbated f a

transcriptRUNIRapressed (-adt ecdchbel apsrtee ¢ st age, wer

bet ween samples (Hopyan, S. et al . 1999) . I n mu
resulted in almost complete penetrance of osteotk
of l ung mewabaysbasi o.f Anhese tumours identified
comparison to wild type osteoblasts, WRUNXAn inc
an@®st eyreitx higher | evels odstde d daldeikmi aneophmapka
(Maaer s, A. J. et al . 2013) .-0osltnetcelrleasdutesni@arkga | 0 ¢
conditional knockout met hod resulted i n predort

expreednar kers of osteobl acdt polwigaxnt ¢ o Wa lalkhlde yp,r eC.
Together this providebkbatvosteosanrowomasygaerse deri
commi t toesdt gpakel asts, with the diffeoéerndiadtnayty st a
the subtype.
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Treat ment

Osteosarcoma treatment involves neoadjuvant and
EURAMAS tri al ;spamd nlgi mlur ger y earg eanmp uMAaPt icohne.moM uhlet
includes high dose methotrexate, doxorupiicom an-c
to surgical resection, and followed by an addit

Further di scussi on of osteosarcoma treat ment an

found in Chapter 2.

Prognosi s

I n the UK, survival for children <157 2y% adrusr iwigt h
the R294B period, whilst suRd¥iyabhr6oinadtethd® edeht
( Wel ham, C. et al . 2021) . Survival iafaci abr aed
extremity osteosarcoma havi ng-5t5ie croarspta rfeadv a wr albBl
no-axtremity osteosar coma, wi t h t he | atter furt!l
(Francis, M. et al. 2012). Reolcaap si e eodc cousrt se oisna r5c30%
commonly in the lung (54%), foll owed by other d
(12%)e.currence is more commonsalnvgrd i eantsug ezmp
(15% vsSu2%).val after relapse is | ower for patie
therapy. (Gel der bl om, H.retamde <Wrid)valFive Je®
resection is performed, however this leocweirosn t o
(Ferrari, S.I nett WaSI,. fA2 W03 )y ear relative survival
regardless of age, sex -@hth babedconhyreaaegedyfpob
1,946 osteosar coma e2a0sle’s paecrrioosds. tShuer v2iOv0a0l decl i ne
in thédmeriotan I ndian and Al askan descent, and i
affecting the vertebrae and pelvis. Surface o0st e
7 59 2 %, whil st smal | cel l and Pagetic osteosarcoao
reeptively (Cole, S. et al. 2022). However, rese
di fficulty, as i nvol vement of parosteal osteo
complicates surgery and increases mestsasahtiagsepr
up to 42% of osteosarcoma <cases invol ved regi c
commonly in Ohoscearagedan®@l up to 23% of cases in
frequently seen in those over 600syteeaorssar cFomwa ryaemn
froB866 and similarly worsened with age. Pagetic
demonstrated the poorest survival rate amongst a
2022) . Ost eosarcoma pati enhtasd wai tshi gpnaitfhioclaongtilcyall c
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evefntee and overall survival, along with a great
compared to those without (Lee, R. K. L. et al
of the osteocl arses insatraknetr atcairdt rppaHceepbabbaed bbb wet
versusnet@astatic patients (Avnet, S. et al . 200 ¢
qguality, pat hological fracture and tumour di ssen
respond poorly to chemothlaar d®ys tdemMoiure dnelcy olse s
resection after neoadjuvant therapy (Uozaki, H.
has been evidenced to increase risk of metastasi
response i mproveasl yrteiscculee scifonestaess determined by
Osteosarcoma is also known to be being highly \
associated with a marked reduction in blood ves
observed inrpaspioadt potomdty (Smith, J. et al. 198;
poor response, angiogenesi s, decreased bone quz:
survival for poor responders is | ower than 559%,
Unfortunaddl yi on of etoposide and ifosfamide pr
with feveamtsurvival unchanged and toxicity height
this, there are nloi ree ttarbd dtsrherdt sceptoinadnssf bacbege
relapse or poor initial response. I n osteosarco
overcome the poor survival rates for the frequen
and therefore improve the outvceonmeo fadrt eprantaitd nvtes. v
progress this field which has seen no new treatn
chemotherapy in the 19806s,tdhiusdesrugtgaersd smeanh aun
chemotherapy resistance in osteosarcoma.
Mechani sms of chemoresistance i n o0stec
Within the | iterature there have been sever al p

osteosarcoma however targeting has yielded poor
into the <cell by redetédt eapaseswidiuereaf ftohate c
(RFXi svi del'y HSeeprorrageédval . HOWé)yer, little efficacy
osteosarcoma patients tr aettehddtwiatthh tean talitnmert ade xfa
enters the c@RKFQChy ubhyp aAs s idn an) &ddiltiickn, Rno 210&
have been posted since a 2007 phase | trial usi
(PEV2233,;,s5R2@gtesting this i $amngttemorkeesyi srtawmtcee .t cSe
decr eased e xdpirheysdsriooena ueftDdl&E IRt Ife t amgehotofekaste

continued to provide (Hatrtatnigoeers| ad. fhadBvp@FeR r ¢ h
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l evehbl ed to predict respomsadi Sati AP i i n l)ostee 0 sad

Thi ridd y yrietsriost adnocxeor uabriaccii opli &t icommmonly identifi e
reduced intracellular drug accumutiaogonhr ahs paoghth
suc hP-qalsycopMDREP@P (Despite this, in the clinic tF
PGR xpression and chemoresistance, in direct con
cel l l' i nes. Further morhe,wni dhithiltei oenf f cefcattPiGadn thzasd

(Ti ppett, V.)Ot.heat colmmon0O2rechani sms include drug
upregudfltutoats-hr ansefier d he ,wmhiicd e ussct & otx @ r nediddc fi yn

ci sppbabmpnting their removal from the cell and s
(Townsend,etD.20MSot o, S. gt Uplrreghi@8&l bern shown
chemoresistant cell ifibadne, | sT.. o PeOBindaite o sLalr Ic&a)mubahl . 2
some evidence to suggest a role in acquired dr
Uozaki, H.).Aetp haals.e 1997 tri al cuasnifnogs fitahmeic d@Sbli i anthii d
with doxorubicin improved median prtogntesevamni d&rm
cancpeart i ¢ertrgot e, | ). eHto wa lvtehri2sD 1e t controversy wl
reported that; 25% of patients were discontinued
fail ed wiot mggeaens measuring progr esmdloln, calnld qQan
and ovarian cancer failedt shh(ameneatT 2th@&i,vre rmrl il mar
targeting classical resistaneatrnnpgechtaar g ms e Mpl
accumul ation and detori-plriemitc@ain, cals|l i dedel §, eaft
into efficacy in the clinic. This presents an of
the clinical situation and identify novel me ¢c h a

drug nhgrgetdi patient benefit.

I n vitro model s of osteosar coma

As mentioned there is an wurgent need to identif
patients. However, due to the rarity of esteosa
cl i ninc anhiotdred s i s paramount t o rtelsrecauw chhp wta re x pceurl iar
In the literature, the osteosar2omaecwibdel yneasel

further discussed in Chapter 2.-8%5hei 8081 sel komim
used within this field andpwad riosm laatle3d yperairoro ltd
female with osteosarcoma that died of pul monary
adherent, polygonal , mul tinucl eated, approxi mat
ability ahdkemmémbdame gMctAd Wsist er , R. M. et al
to form tumours in nude mildé8b( Rhemerded SherRdi0r0
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derived from transformation of HOS with the Kirs
Kirsten rat sarcoma ¥XiRAWlI andcogeogehiomogogwi h (F
al . 1994) . 143b is regarded as a metastatic, 0s
readily formi ngwelekmsei pmiderdai toinbsi a3 i njection i n N
contrasts -2wi twh hSoA®eS ast atic and osteoblastic, an
to for mithunfaoYmrasn, J. et anlt. 020 0FRQS -die ktekbishmeirtoh N

N-ni trosoguani dine ( MNNG) resul teddOSn caeddr elgantee :
increased tumorigenicity in nude mice (Rhi m, J.

demonstr aftoelsd ai n5cOr e asmeti aspatlt monabiyl i t-WOS$ oanpdhr e d

is able to develop brain metastases after intranm
et al . 2011; Luu, H. H. et al . 2005) . The HOS ¢
HOS harbour ampt &Arigd®m 6iPm ot he p53 protein which p
et al . 1990; Mohseny, A . B. et al . 2011) . Vari at

tool for investigatingemasasat a0 )MNNE3ebg s aarncdo mao.r
hihg frequency of relapse and poor response to ne
benefici#lingsetcoradat ment options in osteosar coma
chemot herapy resistance. Many of atlhehdoeutih@aélcal e x
rel eviasn ccee IChtapd)ef 2

Thesi s ai ms

Due to the high occurrenceosf e o$ adneosbpimiatrea payg grreessi ss
t herapy, and its link to poor patient out come,
mechani sms is required for the-l Bnecesefatimedev el
Curr ensttleyos ao c 0o ma patients hvheen nmesbbt eamaat idwees
treatments are braehahgwnghscdeoerifteti §e Recent
outcomes across 390 osteosarcomar pmeudteindg si mteewreae
yielded a 0.77% complete response rate, a 19% p:
28% of patients (Omer, Npr cegrl emddst e 2 0dr7¢9 d o msiurcehn tdli
patients without options and strongly suggests a

rel evaneccel ionfi cparle model s .

I n order to address this need, this study ai ms t
Scope the Iliterature to understand current m
resistance i nanods tdeeovsealrocpo mempsritorhaetl e qqy ctad r el ev.

of utmoadel s.
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Devebepenmroaviel e mor etsiossttacnos ar c d ma «elmpalsieden
omprisygrstematic review of the Iliterature.
Characterise sensitive and c¢ hetnooruend erosatnan d st
the | evel of resistance aff ectisn gvriotwtoh, mi gr e
Run a pilot studw nocvheemcersess iwshteda rmte reolslt eloisma cic
abl & otrponi mary and met as tvd taioa iitfnfjreeresonsd a s
Perforimhhobghbhput drug screening of a tool c
mol ecul ar niehcahta na fsfrmescste nwii a b ivliei tayndimoldemer e@edi s
ost eos atrhcaotmamay be exploited for therapeutic
Test i hheeiftfrecti veness of several promiasi ng nc
higthroughput idmr ugge mwxidteieyvmee moo e 6 e 86 athat ofmar t her
val i dheeefrf i amdy detehemineeffectiveness across
concentrations. in these model s
PerformeRNANcCcing and Dbioinformathiaagasheel ysi s
t ranscrpirpotfoisheenss ieotfidv € he mo o & 5 € 8 § amotdoentasnatyh a t

be expl bobutddeodevel opment

Compare transcwiitpiudbmi cl Yyataaail abl e patient
commentary on the clinical relevance of the
Combine transcrtiptomgepanddai ght o identify ke
associated with chemoresistance for future r¢
Elucidate the clinical ardevawneNd tdifimpsecheent i a

litetat wunmaderstand their therapeutic potenti a

devel opment and characterisation of mor e cC|
aluable resource for the identification of <ch
ihr oughput screeni ng arFdrttragen dartiihpetpoerniimd sa mal vy
g e tnse wa ncdo mptoturnaasigcher r esear ¢ch wwitthtienn tehleu cliidtaet!
ir thandpedpnt ere@v @ad alhli s wi || ¢ dvetnrpirbwtead t O
erstanding of chemoresi srttahreae ruessieodgesdeo sme wloyme
erated mbidsed svhearvilensy t he potenti al to i mprov

gress the field Sf yeatreawvaanrcoma after a
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Over the last 40 years osteosarcoma (OS) survival has stagnated with patients commonly resistant to neoadjuvant MAP
chemotherapy involving high dose methotrexate, adriamycin (doxorubicin} and platinum (cisplatin). Due to the rarity of OS, the
generation of relevant cell models as tools for drug discovery is paramount to tackling this issue. Four literature databases were
systematically searched using pre-determined search terms to identify MAP resistant OS cell lines and patients. Drug exposure
strategies used to develop cell models of resistance and the impact of these on the differential expression of resistance associated
genes, proteins and non-coding RNAs are reported. A comparison to clinical studies in relation to chemotherapy response, relapse
and metastasis was then made. The search retrieved 1891 papers of which 52 were relevant. Commonly, cell lines were derived
from Caucasian patients with epithelial or fibroblastic subtypes. The strategy for model development varied with most opting for
continuous over pulsed chemotherapy exposure. A diverse resistance level was observed between models {2.2-338 fold} with 63%
of models exceeding clinically reported resistance levels which may affect the expression of chemoresistance factors. In vitro
p-glycoprotein overexpression is a key resistance mechanism; however, from the available literature to date this does not translate
to innate resistance in patients. The selection of models with a lower fold resistance may better reflect the clinical situation. A
comparison of standardised strategies in models and variants should be performed to determine their impact on resistance
markers. Clinical studies are required to determine the impact of resistance markers identified in vitro in poor responders to
MAP treatment, specifically with respect to innate and acquired resistance. A shift from seeking disputed and undruggable
mechanisms to clinically relevant resistance mechanisms may identify key resistance markers that can be targeted for patient

benefit after a 40-year wait.

Oncogene (2023) 42:255-277; https://doi.org/10.1038/s41388-022-02529-x

INTRODUCTION

Osteosarcoma (0OS) is the most common malignant bone cancer
and affects approximately 2.5 per million people in England
equivalent to 135 cases per year [1]. OS is more common in males
[1-3] and a higher incidence rate has been observed in Black
patients [2, 3]. The peak age at diagnosis of bone sarcoma for
females and males is 13 and 15-17 vyears, respectively [2]. This
reflects a pattern of disease progression in line with growth, with
bone development occurring approximately 2 years earlier in
pubescent females than males [4]. A second peak is also evident in
those above 65 years and is associated with Paget’s disease
[1, 3, 5], secondary cancer [3] and a poorer outcome [5].

The 5-year survival rate increased from 17% [6] to 68% [7] for OS
patients with localised disease during the 1970s when chemother-
apy was introduced into practice. However, whilst the average
5-year survival for all cancer patients increased by around 20%
from 1980 to 2010 [8], 5-year overall survival and recurrence rates
for localised OS have stagnated since the 1980s [9]. This is despite
an increase in the rate of limb-salvage surgery owing to
advancement in surgical technique and earlier detection [9]. This
lack of progress is impacted by an absence of improved treatment
options over the last 40 years with approximately one third of

patients relapsing commonly mare than once [10, 111, with overall
survival for these patients reported at 23-29% [10, 12]. In addition,
16% of patients have detectable metastases at diagnosis and up
to 77% of these will succumb to the disease within 5 years [13].

Although the introduction of chemotherapy drastically changed
the extremely low survival rates achieved with surgery alone, OS is
regarded as relatively chemoresistant as many single agents have
shown poor responses in patients. The drugs methotrexate (at a
high dose, hdMTX), doxorubicin (DOX), cisplatin (CDDP) and
ifosfamide {IFOS), collectively known as MAPI, have the highest
single agent response rates ranging from 30 to 40% [14]. Current
therapy therefore involves a combination of these agents, with
patients receiving two 5-week neoadjuvant cycles followed by a
further 4-6 adjuvant cycles as part of the widely adopted
EURAMOS-1 protocol [15]. Multiagent chemotherapy is used to
circumvent a single resistance mechanism as each agent has a
unique target. Specifically, the alkylating agent CDDP enters cells
via passive diffusion [16] and creates inter- and intra-strand DNA
adducts that induce apoptosis [17]. The alkylating agent IFOS
which is a derivative of nitrogen mustard also induces DNA
damage similarly through cross-linking [18]. The anthracycline
DOX isolated from Streptomyces peucetius var. caesius [19] enters

'"The Mellanby Centre for Musculoskeletal Research, Department of Oncology and Metabolism, The University of Sheffield, Beech Hill Road, Sheffield $10 2RX, UK. “Universiti
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cells through passive diffusion and active transport [20]. Several
mechanisms of action have been proposed for DOX including; free
radical generation, inhibition of topoisomerase ll-mediated DNA
repair and DNA intercalation and this may be concentration
dependent [21]. MTX can be transported into cells via various
transporters of the solute carrier family, the most recognised of
which is reduced folate carrier (SLC79A1/RFC1). Once inside the
cell this antimetabolite is converted into a more active form where
it inhibits dihydrofolate reductase (DHFR) by mimicking folic acid
and suppresses thymidine and purine synthesis, preventing
proliferation and leading to cell death [22].

In order to clinically measure the effectiveness of a chemother-
apy regimen, samples of the tumour surgically removed after
neoadjuvant therapy are used to determine percentage necrosis.
An established threshold for necrosis is ‘good responder’ >90%
and ‘poor responder’ <90% based on its prediction of patient
outcome. In 22 OS patients treated with MAP|, percentage
necrosis was found to predict 5-year metastasis and recurrence-
free survival by univariate analysis [23]. Similarly, in 38 patients
necrosis was the only factor at bivariate analysis capable of
predicting survival and recurrence [24]. In a larger cohort of 881
OS patients necrosis was again the only factor able to predict
patient outcome by multivariate analysis and was linked to
shorter; 5-year disease-free survival, overall survival, rate of limb-
salvage surgery and time to relapse or death, in addition to an
increased rate of distant relapse [25]. Percentage necrosis is
therefore a key indicator of chemotherapy response and is
associated with several crucial patient outcome measures includ-
ing survival, relapse and metastasis at multiple levels of analysis.

The major challenge in OS treatment is poor responders, with
the exact mechanisms of how a patient develops chemoresis-
tance being unknown. This resistance can be defined as acquired
or intrinsic, with these terms denoting tumours that become
unresponsive after initially responding and those that fail to
respond to initial treatment, respectively. Acquired resistance
suggests the development of genetic alterations in response to
chemotherapy resulting in the formation of a subset of resistant
cells, whilst intrinsic resistance indicates a pre-existing survival
benefit to subpopulations of cells due to inherent heterogeneity.
Resistance to the designated MAP regimen is common with
34-68% [10, 26] of OS patients classed as poor responders to
neoadjuvant therapy, potentially indicating high intrinsic resis-
tance in OS. These patients have a greater risk of relapse and
rely on aggressive second-line therapy and repeated surgical
intervention for survival [10, 12]. However, there is no consensus
for second-line therapy in OS, with studies that modify adjuvant
treatment by dose intensification [27] or the addition of agents
with diverse targets [25] failing to demonstrate a survival benefit
in poor responders, providing extra weight to the claim of broad
innate resistance in these patients. One study also identified
that despite an initial sensitivity to DOX in 82% of biopsy
samples, 46% of these patients acquired resistance during MAPi
treatment and were termed poor responders [28]. Together this
demonstrates the importance of both innate and acquired
resistance in OS5 and highlights the pressing demand for
researchers to uncover mechanisms of MAP resistance that can
be targeted to treat the large group of patients overlooked by
current treatment standards.

In order to effectively research mechanisms of chemoresistance
and due to the rarity of OS in the population, relevant in vitro
models are required. Different initial drug concentrations have
been suggested to recreate intrinsic and acquired chemaoresis-
tance in vitro. For example, resistance can be acquired by
exposure to low doses for prolonged periods of time; whilst high
initial concentrations may select for an intrinsically resistant
subpopulation [29]. Further considerations include creating either
a clinically relevant or a high-level laboratory model. Clinically
relevant models attempt to mimic the dose, fold resistance and
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exposure method achieved clinically and are theorised to develop
resistance mechanisms that maore closely resemble those found in
patients. The peak plasma concentration has been suggested as a
guide to achieve a clinically relevant dose in vitro [29, 30].
Clinically relevant levels of resistance are reportedly low and
range from 2- to 5-fold amongst lung, ovarian and neuroblastoma
patients [30]. This has also been mirrored in a small number of
acquired and intrinsically resistant primary sarcoma cell lines that
display up to 6.1-fold resistance to DOX compared to normal
fibroblasts [31]. As OS patients treated with the EURAMOS-1
pratocol are exposed to the MAP regime over a short period of
4-72 h accompanied by a prolonged interval between treatments
[15], a pulsing strategy is suggested to mimic this more closely
[29, 30]. Generally, the pulse method uses exposure to high
concentrations followed by a drug-free interval. In contrast,
laboratory models aim to generate a high level of resistance that
is stable upon drug withdrawal and this is achieved by
continuous exposure to low concentrations followed by stepwise
dose escalation [29, 30].

Different exposure strategies have been reported to generate
unique resistance mechanisms within the same cell line. For
example in a chemaresistant ovarian model generated by a 2h
pulse in 100 uM CDDP downregulation of the transporters
ATP binding cassette subfamily C member 1 (ABCCT/MRP1) and
lung resistance related protein 1 (MVP/LRP1) was observed,
however this was not found in a second model exposed to
10-80 uM CDDP over a period of 48 h [32]. In addition, in acute
lymphoblastic leukaemia cells continuously exposed to MTX
from 5 nM to 50 UM, upregulation of DHFR and downregulation
of SLCTI9AT/RFCT conferred resistance via decreased accumula-
tion and target overexpression. In contrast, those produced via
24 h pulsing in 10-50 pM had lower levels of polyglutamates that
induced resistance by reducing MTX retention and activity [33].
Together this demonstrates that multiple exposure strategies can
be used to generate chemoresistant models with variation in the
resulting chemoresistant mechanisms produced. A consideration
for the differences in these strategies should be taken in order to
identify clinically relevant resistance markers that can be
targeted to urgently tackle the issue of chemoresistance faced
by so many OS patients.

This comprehensive systematic review scoped the literature to
summarise methods used to generate chemaresistant OS cell lines
and the potential effects this may have on the expression of
resistance associated genes, proteins and non-coding RNA {ncRMA).
A comparison of intrinsic resistance markers to those found in OS
patients with a poor response to chemotherapy, greater relapse or
metastasis allowed the clinical relevance of current in vitro models
to be determined whilst highlighting strategies to improve the
clinical relevance of future models.

RESULTS

Overall study quality and bias

A total of 52 studies were entered into this review with 36
assessing differentially expressed markers using in vitro models of
OS MAP resistance and 18 investigating expression in relation to
defined outcomes in OS patients treated with MAP therapy with a
cross-over of two studies that addressed both. Overall, six in vitro
studies were rated high quality with the remaining 30 scored as
moderate {Table 1). Of note in vitro studies universally scored low
quality for their methodology due to an incomplete description of
model development. All in vitro studies showed no indication of
selection bias, however bias was recognised in the categories for
detection, attrition and reporting. In comparison, one and 17
clinical studies were regarded as high and moderate quality,
respectively. Most clinical studies demonstrated a higher risk of
bias in selection criteria with baseline characteristics of patient
outcome groups often incompletely described.
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Table 1. Risk of bias and quality assessment.

Bias
i—

Selection Performance Detection Attrition Reporting Other

Zhu, 2018
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Fan, 2021
Guan, 2021 1%
Han, 2014 &
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Li, 2018 [

Li, 2021 %

Liu, 2021 %7

Ma, 2017 =]

Ma, 2020 )
Meschini, 2003 9
Mukherjee, 2017
Rajkumar, 2008 )
Roneuzzi, 2014 *
Scionti, 2008 %
Serra, 2004 1
Shen, 2020 4

Shu, 2021

Song, 2017 &9
song, 2019
Sugiu, 2021 (7]
‘Wang, 2015 1]
‘Wang, 2019 =)

Xu, 2016
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Yuan, 2021 *9)
Zhang, 2015 2
Zhang, 2016 51
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Zhao, 2018
Zhu, 2017 79

Zhn, 2018 ™)
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Zou, 2018 7
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Baldini, 1995 [
Baldini, 1699 7
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In vitro (36) and clinical (18} studies were assessed for risk of bias and quality. For bias: Green, low. Yellow, medium. Red, high. Grey, NA. For quality:
M = moderate (4-7), H = high {8}
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Cell model source

Included in this review are 36 in vitro studies with a publication
date ranging from 2003 to 2021. As indicated in Table 2 it is
common for studies to use more than one cell line and to share
use of the same models with a total of 41 distinct chemoresistant
models entered into this review. Seven models were used multiple
times between studies allowing further verification or identifica-
tion of more diverse resistance mechanisms. Four studies
investigated variants with increasing levels of resistance that
were produced during model development [34-37]. The fibro-
blastic MG63 cell line obtained from a 14-year-old Caucasian male
[38] was the most commonly reported in a total of 17 studies
encompassing 11 DOX resistant, one MTX resistant and four CDDP
resistant models with a single CDDP resistant model shared
amongst three studies. The epithelial U205 cell line was used as a
model in 15 studies and was derived from the tibia of a 15-year-
old Caucasian female patient during amputation [39]. The
epithelial SAOS2 cell line established from an 11-year-old
Caucasian female treated with combination therapy including
MTX and DOX [40] was used in 11 studies. The KHOS cell line,
derived from the female HOS line after transformation with the
Kirsten murine sarcoma virus, was used in eight studies found via
this review with six sharing the same DOX resistant model making
it the most widely researched model within the field. The HOS,
143b and SOSP-9607 cell lines were used in three, one and one
studies, respectively.

Pulsed vs continuous exposure for model development

For the purpose of this review, we defined a pulsed strategy as a
fixed exposure period followed by a defined drug-free recovery.
Continuous models were those described as continuously treated
without a defined exposure period. Out of the 41 distinct models
listed in Table 2, 12 were generated by pulsed exposure ranging
from 2 to 72 h and the remaining 29 models were established by
continuous treatment. The majority of the 24 DOX resistant models
were treated continuously (87.5%), whereas the two strategies were
used equally amongst the 12 CDDP-resistant models, with a pulse
strategy dominating for the five MTX resistant models. Three
models used a constant drug concentration whilst the remaining 38
models were generated by stepwise dose escalation including nine
models where the initial or final concentrations were not reported.
One study described pulsing in a clinically relevant concentration of
CDDP, however the determination of this was not provided [41]. For
the purpose of this review a resistance index (RI) of <6.1 identified in
sarcoma patients previously [31] was used as a maximum threshold
for a clinically relevant level of resistance with all MTX models,18/24
DOX meodels and 3/12 CDDP models exceeding this.

Drug concentrations, ECs, and fold resistance

For model generation, most studies used a starting concentration
less than the ECsy of the parental cell line; however, the ECyq
varied greatly due to differences in the exposure time used for
determination. For example, one study used a 96 h exposure, four
used 72 h, seven used 48 h, four used 24 h, one used 3 h and one
study used a 24 h pulse followed by two days of drug-free culture.
Two additional studies determined the EC;, at multiple timepoints
with the remaining 16 studies not clearly stating the exposure
period. For all models the EC;y was determined from either
colorimetric or dye exclusion viability assays.

For MTX the ECsq in parental cell lines ranged from 25.78 uM after
24 h, to 0.35-0.47 uM after 48 h and to 0.01-0.03 pM after 96 h. The
starting concentration ranged from 0.0066 to 1.1 uM and the final
concentration from 2.2 to 22 M, respectively, with a fold increase of
4-333. These concentrations were higher for pulse models {0.22-1.1
to 44-22 M) compared to continuous models (0.0066 to
0.066-2.2 UM). Variants were produced in the two distinct contin-
uous models Serra_U20S/MTX-C' and ‘Serra_SAQS2/MTX-C' with
the earliest variants displaying an Rl of three and 15, respectively.
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For DOX the ECs5o was 0.4 uM after 3h, 2.87 uM after 24 h,
0.226-11.15 pM after 48h and 0.0055-0.0345 uM after 72 h.
Amongst studies that used the same cell line and exposure
period the EC;, differed, for example in the MG63 cell line DOX
exposure for 72 h gave an ECyg ranging from 0.0055 to 0.0345 uM
[35, 42]. This may be explained by the different methods used to
analyse viability with one study using the formation of formazan
as a colorimetric measure of metabolic activity and the other using
erythrosine B dye exclusion as a measure of cell membrane
damage. The starting concentration for continuous models ranged
from 0.001 to 1 M and this increased to a final concentration of
0.035 to 10 uM, with a fold increase of 3-5000. Due to a lack of
standardised reporting, the two studies that included pulsed
models failed to state both their initial and final concentrations
[43, 44]. Variants were created for the three continuous models
‘Serra_U20S/DOX-C’, ‘Serra_SAQS2/DOX-C" and ‘Roncuzzi_MG63/
DOX-C with the earliest variants of each model displaying an Rl of
15, 72 and 10, respectively.

For CDDP the ECy, was 9-35 pM after 24 h, 0.85 pM after 48 h
and to 3-9pM after 72h. The starting concentration for
continuous models ranged from 0.333 to 10uM and this was
increased to a final concentration of 2-10 uM, a difference of 1-10
fold. Pulsed models started at 0.1-1.5 uM and this was increased
to 0.2-50 M, a difference of 1-50 fold. However, one study
determined an ECsq of 35 uM after 24 h in the HOS cell line and
generated low level resistance by pulsing in 3.33mM for 2h. In
this study CDDP was dissolved in DMSO [41], which reduces
cytotoxicity due to the displacement of chloride ligands by water
[45] suggesting this may have contributed to the greater ECsq
recorded and the comparatively inflated concentration used. One
study reported an ECgq of 8.35 uM after 72 h in MG63 cells [46]
whilst another recorded an ECsy of 0.85 uM after 48 h [47]. The
reason for this discrepancy is unclear as both studies used
colorimetric endpoints and neither stated their choice of diluent.

The resistance level varied greatly from 3 to 338 fold for DOX
[34, 48], 2.2 to 14.5 fold for CDDP [41, 46] and 12.7 to 281 fold for
MTX [37, 49]. Rarely studies chose to analyse variants of their
model produced at earlier developmental stages to identify
differences in expression as resistance increases. Fifteen models
plus one early variant demonstrated a clinically relevant level
of resistance at <6.1 and these were distributed across 11
continuous and five pulsed models. The majority (63%) of models
therefore exceeded a clinically relevant level of resistance. The
stability of resistance was explored only in a single study where
cells were cultured drug-free for 1 month although no data was
shown to verify this [48]. Eighteen studies stated culture
conditions used for the maintenance of their model. This involved
exposure to a lower dose than the final concentration used for
development for all pulsed models. For continuous models a
maintenance concentration that equalled or exceeded the final
concentration was often used.

Multi-drug resistance

In 13 distinct models across nine in vitro studies cross-resistance
to eight chemotherapy agents MTX, CDDP, DOX, trimetrexate
{TRIM), epirubicin (EPI), theprubicin (THP), paclitaxel (PAC) and
5-fluorouracil (5-FU) was investigated (Table 3). Of these models,
five were resistant to two MAP agents; however, four of these did
not assess cross-resistance to all MAP agents. As MAP therapy is
the most widely used to treat OS patients this identifies crucial
missing information regarding model characterisation. In contrast,
six madels were fully characterised and found to be resistant to all
MAP agents. In these models the Rl was generally low ranging
from 6 to 15 apart from a single model generated by MTX
treatment that recorded an Rl of 281. DOX resistant U20S and
SAOS2 variants with low resistance (Rl < 15) remain susceptible to
MTX compared to later variants with elevated resistance [34].
Likewise, in an MTX resistant SAOS2 model| cross-resistance to
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