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SUMMARY

Osteosarcoma is a highly aggressive primary bone tumor that has seen little improvement in survival rates
in the past three decades. Preclinical studies are conducted on a small pool of commercial cell lines which
may not fully reflect the genetic heterogeneity of this complex cancer, potentially hindering translatability
of in vitro results. Developing a single-site laboratory protocol to rapidly establish patient-derived pri-
mary cancer cell lines (PCCL) within a clinically actionable time frame of a few weeks will have significant
scientific and clinical ramifications. These PCCL can widen the pool of available cell lines for study while
patient-specific data could derive therapeutic correlation. This endeavor is exceedingly challenging
considering the proposed time constraints. By proposing key definitions and a clear theoretical frame-
work, this evaluation of osteosarcoma cell line establishment methodology over the past three decades
assesses feasibility by identifying barriers and suggesting solutions, thereby facilitating systematic exper-
imentation and optimization.

INTRODUCTION

Osteosarcoma (OS) is the most common primary bone cancer, where the mainstay of therapy is neoadjuvant chemotherapy (NAC),

definitive surgery, and adjuvant chemotherapy. It is a highly aggressive tumor with a low 5-year survival rate (<20%) in metastatic dis-

ease.1 The lack of meaningful improvement of 5-year survival rates in the past 30 years is largely due to the rapid onset of drug resis-

tance2 and clearance3,4 during chemotherapy, with 34–68% of OS patients remaining poor responders.2 Identifying mechanisms to over-

come drug resistance is laborious and is hampered by the lack of representative cell culture models that accurately recapitulate OS

biology.5

Commercial OS cell lines have served as readily accessible preclinical tools for studying fundamental biological mechanisms (Table 1).26

Extensive efforts to phenotypically characterize all publicly available OS cell lines have greatly standardized in vitro experiments and data

reliability,27–30 although caution must be taken when using commercial cell lines. OS has a highly heterogeneous presentation with multiple

histological subtypes (osteoblastic, chondroblastic, fibroblastic, telangiectatic, etc.)1 and lack recurrent geneticmarkers.31 However, the small

pool of commercial OS cell lines (isolated largely pre-1980s and from predominantly Caucasian populations) results in the routine use of only

three to four cell lines that may not fully reflect the diverse tumor landscape (Table 1). Genetic alterations may also occur over the cell line’s

long-term in vitro culture, causing a genetic discrepancy from the original cells and ultimately a divergence of characteristics from the original

tumor, limiting their in vitro to in vivo translatability.33,34

Patient-derived primary cancer cell lines (PCCL) are derived directly from patient tumor tissue and undergo minimal in vitro passaging

(subculture), thereby retaining a genetically and clonally heterogeneous cell population better representative of the source tumor and their

in vivo characteristics compared to commercial cell lines.35,36 Using PCCL could streamline bench-to-bedside translation of OS research and

even facilitate precision oncology applications.34,37–39 Indeed, there are emerging studies investigating the potential of PCCL to produce pa-

tient-specific data that could predict drug sensitivity using next-generation genomic analysis5,40,41 and in vitro drug testing.39,42 Although tu-

mor organoids and tissue explants have shown promising results in predicting treatment response in lung and colorectal cancer,43–46 rare

tumors like OS with limited tissue samples may constrain the scalability of such organoid-based studies. On the other hand, PCCL can be

used in conjunction with novel 3D in vitro models that also recapitulate the crucial tumor microenvironment (TME), while retaining greater

control over experimental parameters.47–51 A tunable patient-specific in vitro tumor model could strengthen the study of OS pathogenesis
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Table 1. Summary of publicly available human OS cell lines

Cell line (commercial code) Company/cell bank PD (hrs) Subtype Age Sex Ethnicity

1 MG-63 (CRL-1427) ATCC 48 Fibroblastic 14 M Caucasian

2 COS-1SA-1 (formerly

OsA-CL) (CRL-2098)

ATCC 24 Fibroblastic 19 M Black

3 Saos-2 (HTB-85) ATCC 48 Epithelial 11 F Caucasian

4 U-2 OS (HTB-96) ATCC 36 Epithelial 15 F Caucasian

5 G-292 (clone A141B1)

(CRL-1423)

ATCC NA Fibroblastic 9 F Caucasian

6 HOS (CRL-1543) ATCC 36 Mixed fibroblastic

and epithelial

13 F Caucasian

7 HOS-MNNG (CRL-1547,

derived from HOS)

ATCC 24 Mixed fibroblastic

and epithelial

13 F Caucasian

8 HOS-143B (CRL-8303,

derived from HOS)

ATCC 36 Mixed fibroblastic

and epithelial

13 F Caucasian

9 KHOS/NP (R-970-5,

derived from HOS)

(CRL-1544)

ATCC NA Fibroblastic 13 F Caucasian

10 HAL EuroBoNet Consortium (Norwegian

Radium Hospital, Norway)

48 NA 16 M NA

11 KPD EuroBoNet Consortium (Norwegian

Radium Hospital, Norway)

36 Osteoblastic 7 F NA

12 MHM EuroBoNet Consortium (Norwegian

Radium Hospital, Norway)

60 Fibroblastic 41 F NA

13 OHS EuroBoNet Consortium (Norwegian

Radium Hospital, Norway)

36 Osteoblastic 14 M NA

14 IOR/MOS EuroBoNet Consortium

(Instituto Ortopedico Rizzoli, Italy)

72 Osteoblastic 13 F Caucasian

15 IOR/OS9 EuroBoNet Consortium

(Instituto Ortopedico Rizzoli, Italy)

72 Osteoblastic 15 M Caucasian

16 IOR/OS10 EuroBoNet Consortium

(Instituto Ortopedico Rizzoli, Italy)

72 Fibroblastic 10 F Caucasian

17 IOR/OS14 EuroBoNet Consortium

(Instituto Ortopedico Rizzoli, Italy)

48 Osteoblastic 13 M Caucasian

18 IOR/OS15 EuroBoNet Consortium

(Instituto Ortopedico Rizzoli, Italy)

48 Osteoblastic 12 F Caucasian

19 IOR/OS18 EuroBoNet Consortium

(Instituto Ortopedico Rizzoli, Italy)

60 Osteoblastic 33 M Caucasian

20 IOR/SARG EuroBoNet Consortium

(Instituto Ortopedico Rizzoli, Italy)

72 NA 25 M Caucasian

21 ZK-58 EuroBoNet Consortium

(Heinrich-Heine University, Germany)

72 Osteoblastic 21 M NA

22 CAL-72 EuroBoNet Consortium

(University College London)

66 Osteoblastic 15 M NA

23 11T254 EuroBoNet Consortium

(Nice University Hospital, France)

NA NA NA NA NA

24 NOS-1 (RCB1032) RIKEN-BRC 49.6 Osteoblastic 16 M Japanese

25 NOS-2 (RCB1033) RIKEN-BRC NA Osteoblastic 11 M Japanese

26 NOS-10 (RCB2348) RIKEN-BRC NA Epithelial 15 M Japanese

27 HuO9 (JCRB0427) JCRB 57 Fibroblastic 13 F Japanese

(Continued on next page)
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Table 1. Continued

Cell line (commercial code) Company/cell bank PD (hrs) Subtype Age Sex Ethnicity

28 HuO9N2 (JCRB0428) JCRB 120 NA 13 F Japanese

29 HuO-31N (JCRB0413) JCRB NA Osteoblastic 15 F Japanese

30 NY (JCRB0614) JCRB 30 Osteoblastic 15 M Japanese

The table shows the nine cell lines available from commercial company ATCC, and the 21 cell lines available on request from cell banks or universities. Population

Doubling, subtype, Age, Sex and Ethnicity are reported. Some cell lines were incompletely characterized. Adapted from these studies27,28,30,32 with additional

information from the respective cell bank websites. Abbreviations: American Type Culture Collection (ATCC), RIKEN Bioresource Center (RIKEN-BRC), Japanese

Cancer Research Resources Bank (JCRB), population doubling time (PD), not specified (NA).
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and facilitate the high-throughput screening of novel therapeutics to assess individual drug sensitivities.52–55 Such models are enhanced by

the timely availability of patient-specific cell lines.

Althoughprotocols to isolate PCCL from solid tumors are available,56,57 they are not devisedwith the constraints of clinicalmanagement in

mind and remain a traditionally lengthy process requiring up to a year.35 If PCCL are to be used with the intention of informing therapeutic

decisions, they must be established within a clinically actionable time frame that is far shorter than the time frame traditionally allocated for

research study. Streamlining and substantially contracting the time needed to establish new PCCL simultaneously addresses the paucity of

available OS data by providing a source of tumor cells for subsequent studies beside clinical management. A single-site (hospital) laboratory-

based protocol to rapidly establish new OS PCCL with clinical constraints in mind is a worthwhile avenue of investigation for its clinical and

scientific utility. As such an aim has not been proposed before, so we need to define important parameters.

First, to define a ‘‘clinically actionable time frame’’, we need to briefly look at the OS management timeline. As shown in Figure 1, all pa-

tients undergo a bone biopsy for definitive diagnosis and histological subtyping. Two cycles of NAC (total of 10 weeks) are commenced (typi-

cally within twoweeks of biopsy) and completed prior to surgical resection, followed by four cycles of adjuvant chemotherapy.58 As everyNAC

cycle can select for resistant clones, obtaining PCCL and generating data before starting chemotherapy would be ideal. However, this would

necessitate establishing and testing PCCL in the two weeks between bone biopsy (where tumor samples are obtained for processing) and the

start of cycle 1; an extremely short time frame. Factoring the limitations of current experimental technique, a more realistic ‘‘clinically action-

able time frame’’ would be between bone biopsy and the end of NAC cycle 1. This gives a more feasible period of six weeks for PCCL to be

established and subsequently generate patient-specific data before the commencement of NAC cycle 2. This time frame is not unrealistic as

Chewet al.57 has establishedpediatric cancer cell lines from rare childhood tumors between 1 and 8weeks fromobtaining surgical specimens.

Second, the PCCL is ‘‘established’’ when it has been authenticated by verifying that its identity corresponds with the original tumor cell,

maintains its morphology and therefore ready to be reliably used for experiments.

Third, the ‘‘established’’ PCCL must continue being cultured until a ‘‘sufficient number’’ of cells is generated for statistically

significant testing. For example, chemosensitivity assays are commonly conducted with 104 cells/cm2 in 24 well plates, and a triplicate assay

of six concentrations of five different treatments would require roughly 106 cells. However, culturing PCCL within 3D in vitromodels generally

require a higher cell seeding density of 104–107 cells/cm3.59 Performing the same chemosensitivity assay with a concentration of 107 cells/cm3

in an average 3Dmodel volume of 30 mm360,61 (a size that allows cultivation of the 3Dmodel in a 96-well plate with 200ul of cell culturemedia)

would roughly equate to 3x105 cells per single unit. If wewere to encompass all 96 wells, multiply two time points per week for 4–5weeks using

six different concentrations would require a total of 109 cells.
Figure 1. Timeline of OS management with potential six-week time frame for PCCL establishment

Standard multi-agent MAP chemotherapy regimen at our institution. All patients undergo a bone biopsy for histological subtyping as part of the diagnostic

workup. Two cycles of NAC are given for a total of 10 weeks. Surgery is performed to remove the primary tumor. Four cycles of adjuvant chemotherapy

commence postoperatively. There is a potential window of six-weeks between bone biopsy and the end of cycle 1, for PCCL to be established and tested.

Adapted from Choong (2021).58 Abbreviations: Osteosarcoma (OS), primary cancer cell line (PCCL), neoadjuvant chemotherapy (NAC), high-dose MAP

(methotrexate, doxorubicin, cisplatin), bx (biopsy), dx (diagnosis).
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Our aim becomes more precise with these definitions: devise a clinically based laboratory protocol that can rapidly establish and

grow at least 109 PCCL within 6 weeks since obtaining the bone biopsy. This systematic review assesses the feasibility of our aim. We

first compile all contemporary papers establishing OS cell lines in the past three decades (Figure 2, Table 2), then extract specific

steps in their methodology across five domains under our unique clinical considerations (Table 3) to facilitate comparison (Tables

4, 5, and 6). The raw data is then condensed and synthesized (Table 7). In our discussion, we highlight barriers to feasibility in

each domain, and thereafter suggest potential solutions to address them (Figure 3). Ultimately, this study analyzes the feasibility,

barriers, and potential solutions for the rapid establishment of OS PCCL within clinical management, thereby providing a useful

guide to accelerate experimental optimization.

Methods

Search strategy

An initial search in electronic databases MEDLINE and EMBASE were searched for English language articles until June 15, 2022. A second

search was subsequently conducted limiting publication year 2022 - 21 January 2024 to capture any new articles published during this
Figure 2. PRISMA Diagram outlining search strategy and eligible studies

This diagram presents the flow of information through the systematic review process, following the PRISMA guidelines. The diagram outlines the number of

records identified through database searching, additional records identified through other sources, records screened, records excluded, full-text articles

assessed for eligibility, and the final number of articles included in the systematic review. Arrows indicate the flow of articles at each stage, with reasons for

exclusion provided where applicable. The PRISMA flow diagram provides transparency and clarity regarding the selection process for inclusion of studies in

the systematic review. Abbreviations: osteosarcoma (OS), patient-derived xenograft (PDX).

4 iScience 27, 110251, September 20, 2024



Table 2. Excluded studies

Biopsy Primary resected tumour PDX

Excluded studies (n=4):

Intra-axial OS (n=1): NEO217 (spinal)6

Commercially available (n=1):

OHS7

Published before 1990 (n=2):

FM-28 LM-19

Excluded studies (n=6):

Intra-axial OS (n=1): HMOS-1 (mandible)10

Secondary OS (n=1): OS(rb)/N-M11

Commercially available (n=2):

CAL 7212, SARG13

Unclear methods (n=2): SOSP-9607,14

SCOS115

Excluded studies (n=9):

Intra-axial OS (n=1): USAC (mandible)16

Commercially available (n=1):

OST (contaminated, discontinued)17

Unclear methods (n=4): ZHAN,18 OSCORT,19

OS-RH-2011/5,20

HOS-5821

Published before 1990 (n=4):

HOS-6,22

O9N2,23 HuO-9,24 HuO-3N125

Initial search until June 15 2022 2022-21 Jan 2024

1 osteosarcoma.mp. or Osteosarcoma/ 87025 95214

2 cell line.mp. or Cell Line/ 1819249 1991465

3 tumor cell line.mp. or Cell Line, Tumor/ 409271 435894

4 2 or 3 1819249 1991465

5 1 and 4 18182 20081

6 (establish* and ‘‘cell line’’).tw. 74125 79183

7 (character* and ‘‘cell line’’).tw. 114895 123669

8 6 or 7 168002 180428

9 5 and 8 1917 2053

10 remove duplicates from 9 1181 1271

11 limit 10 to yr = ‘‘2022 – current’’ NA 107
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time. The search strategy was performed with keywords such as ‘‘establish’’, ‘‘osteosarcoma’’, ‘‘human’’, ‘‘cell line’’, and conducted in Embase

Classic + Embase <1947 to 2022 June 15> and Ovid MEDLINE(R) ALL <1946 to June 15, 2022> as detailed below. A general search using the

same keywords in Google was also conducted to capture studies not in the database.

Article eligibility and study selection

Inclusion criteria

� English language
� Full-text articles
� Human OS only
� High-grade OS only, including all histological subtypes

Exclusion criteria

� Secondary OS [a]
� Intra-axial OS [b]
� Established from metastatic site [c]
� Obtainable from public cell banks or commercial companies [d]
� Established from existing commercial cell lines by transfecting/genetic engineering [e]
� Studies that did not outline isolation protocol/methodology in reproducible steps [f]
� Studies before year 1990 [g]
[a] Radiation-induced secondary OS was excluded to focus on primary tumor.

[b] OS commonly develops in the femur (42%), tibia (19%), humerus (10%), with the remainder in the intra-axial skeleton (pelvis, spine,

mandible).3 Intra-axial locations which do not permit oncologic resection with a curative intent was excluded as these are biased

toward failure.

[c] Exclude metastasis to focus on primary tumor site.

[d] Previously ‘novel’ cell lines that are now commercially available from companies or cell banks were excluded

[e] Secondary cell lines were excluded to focus on primary cell lines
iScience 27, 110251, September 20, 2024 5
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[f] Studies deemed to have ‘unclear methods’ upon data extraction could not fill at least two ‘Entry’ of our extraction table

(see Table 3).

[g] Methods to establish cell lines have remained largely similar in the past few decades. To focus on contemporary literature, papers

before 1990 were rejected. Additionally, before this time it is difficult (if not impossible) to clarify the validity of the methods; we

want to identify emerging cell culture technologies might accelerate the isolation of new cell lines.
Data extraction strategy

We evaluate each study protocol in its component steps (Table 3). The Study Findings’ section is organized into five ‘Entry’; key steps in cell

line establishment adapted from these studies.62,63,86 The ‘Principles’ outline important considerations informed by our specific clinical aim

and recommendations from international guidelines for cell line establishment.87–89 The latter finally informs ‘Data extraction’; the discrete

information that is extracted to facilitate systematic comparison of their methodology.

RESULTS

Search results

The records identified from the database search were assessed according to the eligibility criteria, as outlined in the PRISMA diagram

(Figure 2). References were included for excluded papers (Table 2). The initial search until 15 June 2022 yielded 1917 articles, with 1181

articles remaining after duplicates were removed via computational software. The title and abstract were screened, and a further 1096

articles were excluded. Of the 85 articles sought for retrieval and full text review, 20 were included in this initial search. Due to the length

of the initial analysis, a subsequent search was conducted for additional articles published between 2022 and 21 Jan 2024. This subse-

quent search yielded 107 articles. The title and abstract were screened, with 19 articles for full text review, with one paper being eligible.

In addition, a general scoping search in Google yielded one paper (we also confirmed that this paper was not in the MEDLINE or

EMBASE database).

Altogether, these 22 studies were stratified according to their ‘source of tissue’ (Entry 2, Table 3): biopsy (n = 13), primary resected tumor

(n= 4), patient-derived xenograft (PDX) (n= 5), and represented in Tables 4, 5, and 6 respectively. Discrete information was extracted from the

studies as per the ‘Data extraction’ column in Table 3, and if not reported is stated as ‘not specified’. The raw data in Tables 4, 5, and 6 was

then synthesized in Table 7 to give readers an overview of the results.
. Strategy for systematic data extraction of contemporary OS cell line establishment methods

Principles Data extraction

cal data � What is the essential information of pa-
tient, tumor, clinical data for therapeutic
correlation

� Patient characteristics (age, gender)
� Bone of origin
� Histological subtype

ce of tissue � Obtaining tissue fits within existing clin-
ical framework, does not delay care

� Sample isolated from patient with mini-
mal harm (potential clinical benefit out-
weighs risk)

� Which source of tumor cells aremost ster-
ile

� Source of tumor cells
� Transport conditions from operating the-

ater to lab area

ggregation � What is themost time-efficient method to
create a single cell suspension for primary
culture

� Mechanical
� Enzymatic

nsion � What are specific cell culture conditions
used

� How many subcultures and passaging
� Grow 109 cells within six weeks

� Culture media (type, concentration)
� Incubation conditions
� Frequency of media replacement
� Total number of passages
� Overall time taken to establish cell line

entication & Characterization � What are the minimum tests to confirm
the identity and novelty of PCCL

� What in vitro tests are relevant for thera-
peutic correlation

� How to ensure PCCL not contaminated
with other cell types/bacteria

� Authentication assays assessing genetic
uniqueness[a] and cell of origin[b]

� Characterization assays studying general
features of cell line[c]

� Assays assessing purity[d]

are the five key steps of cell line establishment as adapted from Richter (2021) and Langdon (2004).62,63 ‘Principles’ are informed by our clinical aim and

ints. ‘Data extraction’ is the discrete information that will be extracted from eligible studies. Abbreviations: neoadjuvant chemotherapy (NAC), patient-

primary cancer cell line (PCCL).

gested in62,63: These assays generally comprise of [a] DNA fingerprinting, genotype profiling, karyotype analysis; [b] PCR, cell-specific protein expression,

tiation; [c] Morphology, growth/cell cycle, invasion/mobility, tumorigenicity; [d] Mycoplasma, fibroblasts. We will categorize the assays used according to

apted criteria.

iScience 27, 110251, September 20, 2024



Table 4. Studies that established PCCL from bone biopsy

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of
tumor tissue

2. Transport
conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total

number of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays
assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization
assays studying:
general features
of cell line

3. Assays assessing purity
(+ = present, - = absent)

Palmini et al.64 TOS-1 1. Not specified
2. Not specified
3. Telangiectatic

1. Needle aspiration
2. Sample placed in

culture medium
supplemented by
100IU/mL penicillin
and 100 mg/mL
streptomycin,
pH 7.4 for
transport to
laboratory.

1. Mechanical dispersion
2. Enzymatic treatment

in Ham’s F12 Coon’s
modification medium
with collagenase
type II at 37�C.

1. Monolayer culture in
GM Ham’s F12 Coon’s
modification medium,
supplemented with
10% FBS

2. 5% CO2 in air at 37�C
3. Media replaced every

three days
4. Cells were harvested

using Trypsin-EDTA,
when 90% confluence
was reached

5. One month

1. a) Not specified
1. b) RT-PCR

>phenotype marker (SATB2+)
>metastasis and migration
markers (EZR-, AXL-)
>cancer stem cell marker
(PROM1+, MYC-)

2. Invasive capacity
>soft agar growth assay

3. Not specified

Mizushima

et al.65
OS13 1. 15, F

2. Distal femur
3. Not specified

1. Biopsy specimen
2. Not specified

1. Tissue was minced
2. Not specified

1. IMDM, containing
10% FBS.

2. 5% CO2 incubator
3. Not specified
4. Not specified
5. One year

1. a) Karyotype analysis
>multiple numeral and
structural chromosomal
aberrations

1. b) RT-PCR
>sarcoma-initiating gene
(LIN28B+)

2. Chemosensitivity assay
>Adriamycin showed
anti-tumour effects
Spheroid formation assay
>Clonal sphere formation
after limiting dilution:
100 colonies (/500cells) formed
Metabolic analysis
>oxygen consumption
rate, extracellular
acidification rate
>dependent on glycolysis,
not on mitochondrial
oxidative phosphorylation
Tumourigenicity
>1x103 cells injection into
immunodeficient mice,
spontaneous tumor formation
at 7 weeks

3. Not specified

(Continued on next page)
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Table 4. Continued

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of
tumor tissue

2. Transport
conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total

number of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays
assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization
assays studying:
general features
of cell line

3. Assays assessing purity
(+ = present, - = absent)

Martı́nez-Vélez

et al.66
531MII678R

588M 598M

1. Each obtained
from a different
patient. Individual
characteristics
not specified

2. Not specified
3. Not specified

1. Needle biopsy
of 0.5mm diameter

2. Not specified

1. Sample cleaned of soft
tissue under a dissecting
microscope. Bone debris
was separated using a
70mm nylon mesh

2. Remaining bone chips
were washed with PBS
and treated with
250units/mL collagenase
and DNase in a-MEM
for 2h. Cells were
precipitated by
centrifugation,
washed several
times to remove
excess collagenase
and DNase

1. a-MEM containing
10% heat-inactivated
FBS, supplemented
with 100units/mL
penicillin and
100 mg/mL
streptomycin

2. Not specified
3. Not specified
4. Passaged between

15 and 22 times,
when cells were
90% confluent

5. Not specified

1. a) Genotype profile
>TP53-/RB1-
>variable heterozygous
loss among samples

1. b) Transcriptomic profile
>EBF2+, OPG+

2. Proliferation and
apoptosis assay
>MTT assay

3. Not specified

Palmini et al.67 OSA3 1. Not specified
2. Not specified
3. Small cell

1. Needle aspiration
2. Sample placed in

a culture medium
supplemented by
100 IU/mL penicillin
and 100 mg/mL
streptomycin,
pH 7.4, transported
to the laboratory.

1. Mechanical dispersion,
following enzymatic
digestion.

2. Enzymatic treatment
in Ham’s F12 Coon’s
modification medium
with collagenase
type II at 37+C.

1. Monolayer culture
in Ham’s F12 Coon’s
modification medium,
supplemented with
10% FBS

2. 5% CO2 in air at 37+C
3. Media replaced every

three days
4. Cells were harvested

using Trypsin-EDTA
when 80–90%
confluence was
reached

5. Two months

1. a) Not specified
1. b) RT-PCR

>phenotype (SATB2+,
EWSR1+)
>migration/metastasis
(EZR-, AXL+)
>ESC markers (Nanog+,
Sox2-, KLF4+, LIN28A-,
POU5F1+)
>stem cell markers
(PROM1-, ALDH1A1+,
CD34�)
>pluripotency (MYC-)

2. Invasive capacity
>Soft agar assay:
clonogenic efficiency 10%

3. Not specified

Hassan et al.68 OS229 OS232

OS231 OS238

OS242 OS252

1. Each obtained
from a different
patient. Individual
characteristics
not specified

1. 25mg of fresh
tumor was
obtained

2. Not specified

1. Sample finely minced
using a sterile scalpel

2. Minced tissue was
incubated in 5mL of
media composed of

1. Resulting cell pellet
was resuspended in 20mL
of cell culture media
(MEM-alpha media+20%
FCS+1% pen-strep) and

1. a) Not specified
1. b) Surface antigen analysis

>Surface receptor
expression: IGF-2R high
expression

(Continued on next page)
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Table 4. Continued

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of
tumor tissue

2. Transport
conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total

number of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays
assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization
assays studying:
general features
of cell line

3. Assays assessing purity
(+ = present, - = absent)

OS290 OS293

OS308 OS311

2. Not specified
3. Not specified

MEM-alpha, 20% FCS,
0.6% collagenase Type II,
and 0.002% DNAseI, for 2h.
The slurry was then passed
through a 70mm cell strainer.
The filtered solution was
centrifuged at 2003g.

subsequently plated in a
Corning T75 flask.
Cultured in monolayer
in MEM-alpha
supplemented with
10% FCS, 100U/mL
penicillin, and 3 mg/mL
streptomycin

2. 5% CO2 in air at 37�C
3. Not specified
4. Passaged when 80%

confluence was reached
5. Not specified

>PDGFR-b, IR, IGF-1R,
HER-2, c-Met, VEGFR-3
medium expression
>EGFR, FGFR-2, HER-3,
HER-4, VEGFR-1,
VEGFR-2, FGFR-3
low expression

2. Not specified
3. Fibroblast contamination

>GD2 antibody labeling
to verify population
consisted of OS and
not fibroblasts
>more than 85%
were OS cells

Pereira et al.,69

Nathan et al.70
OS1 1. 6, F

2. Right femur
3. Not specified

1. Bone biopsy
2. Not specified

1. Samples rinsed in
PBS, minced into
small fragments

2. Dispersed in PBS
containing 0.25%
trypsin

1. Monolayer culture in
mixed culture medium
containing (9:1,v/v) of
RPMI 1640 and DMEM,
supplemented with 15%
FBS in plastic culture flasks

2. 5% CO2 in air at 37�C
3. Not specified
4. Uniform colonies

were morphologically
selected by removing
contaminating
fibroblast-like and
highly proliferative
cells with a TPP Cell
Scraper under an
Olympus IX70 inverse
microscope. Total of
76 passages performed

5. 21 months

1. a) Karyotype analysis
>consistent with
high-grade OS
>trisomy in
chromosomes 5, 7, 10
>translocations and
structural deletions

1. b) RT-PCR
>osteogenic markers
(Runx2 elevated)
>p53-/RB+
Immunohistochemistry
>Osteoblast-specific
markers (Osteocalcin+,
Collagen type I+,
osteonectin+, BMP4-)
Differentiation assay
>Alizarin red stain:
demonstrated
mineralization
capacity at week 2–3
Surface antigen analysis
>Flow cytometry:
mesenchymal stem cell
surface antigens (CD29+,
CD44+, CD71+, CD105+,
CD63�)

(Continued on next page)
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Table 4. Continued

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of
tumor tissue

2. Transport
conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total

number of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays
assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization
assays studying:
general features
of cell line

3. Assays assessing purity
(+ = present, - = absent)

2. Morphology
>phenotype maintained
after long-term culture
(30 passages)
>cells eventually elongated
to become wider and
spindled-shaped.
Appeared thinner as
they began to migrate.
Doubling time
>5 days
Tumorigenicity
>Xenotransplantation
in SCID mice, spontaneous
tumor formation at 14 weeks

3. Not specified

Yasuda et al.71 UTOS-1 1. 18, M
2. Proximal

left humerus
3. Osteoblastic

1. Open biopsy
2. Not specified

1. Not specified
2. Not specified

1. Cultured in RPMI 1640,
supplemented with
100 mg/mL streptomycin,
100U/mL penicillin and
10% FBS, in a 25cm2

plastic flask
2. 5% CO2 in air at 37�C
3. Media replaced once

per week.
4. Harvested with Ca2+

and Mg2+-free PBS
containing 0.1% trypsin
and 0.02% EDTA, and
seeded in new flasks
for passaging

5. Not specified

1. a) Not specified
1. b) RT-PCR

>osteoblastic differentiation
markers (ALP+/OC+/OP+)
Immunohistochemistry
>Osteoblastic differentiation
markers (OP+/OC+/ALP+)
>Epithelial-mesenchymal
transition markers
(vimentin+)

2. Morphology
>spindle-shaped with
atypical nuclei
>equalized after
6 passages,
maintained over
50 passages
>corresponds with
histologic appearance
of original tumor
Doubling time
>40h

(Continued on next page)
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Table 4. Continued

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of
tumor tissue

2. Transport
conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total

number of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays
assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization
assays studying:
general features
of cell line

3. Assays assessing purity
(+ = present, - = absent)
Tumorigenicity
>1x108 cells injected into
SCID mice, spontaneous
tumor formation at 8 weeks
(14000mm3)
>Corresponds
histopathologically with
original tumor: atypical
spindle-shaped cells,
formation of osteoid

3. Not specified

Gillette72 OS99-1 1. 11, F
2. Distal femur.
3. Osteoblastic

1. Diagnostic biopsy
2. Not specified

1. Minced under
aseptic conditions

2. Tumor mince
treated with 2U/mL
Dispase in PBS for
1h at 37�C

1. Cells were resuspended
by pipetting and plated in
RPMI 1640 containing 10%
FBS, nonessential amino
acids, minimum essential
medium (MEM) vitamins,
sodium bicarbonate,
sodium pyruvate, and
penicillin/streptomycin.

2. 5% CO2 in air at 37�C
3. Not specified
4. Cells were subcultured

at 80% confluence. >60
passages performed

5. 6 months.

1. a) Karyotype analysis
>highly rearranged karyotype
(hypotriploid and hypohexaploid)

1. b) qRT-PCR
>Osteoblastic markers (ALP+,
RUNX2+, OC+, osteonectin+)
>Chondrocyte markers as
negative control (aggrecan-,
LINK-)
>p53-, Rb-
Differentiation assay
>Mineralization induction after
adding ascorbic acid and
phosphate to growth medium
>ALP and OC activity increased
>consistent with osteoblastic
lineage

2. Morphology
>grow in clusters, numerous
microvilli on cell surface
Doubling time
>16h
Tumorigencity
>3x105 cells inoculated on
chorioallantoic membrane
of 10days old chicken embryo
>visible tumors at 7days
incubation and could be
used to establish cells
in culture

3. Mycoplasma contamination
>LookOut Mycoplasma
PCR detection kit: absent

(Continued on next page)
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Table 4. Continued

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of
tumor tissue

2. Transport
conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total

number of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays
assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization
assays studying:
general features
of cell line

3. Assays assessing purity
(+ = present, - = absent)

Veselska et al.73 OSA-1, OSA-2,

OSA-3, OSA-5

1. 8F, 14F, 56F,
18F respectively

2. Not specified
3. OSA-1, OSA-2,

OSA-3:
Osteoblastic
OSA-5:
telangiectatic

1. Fresh tumor
specimens obtained,
and briefly washed
in 70% ethanol,
followed
by two washing
in PBS.

2. Not specified

1. Mechanically chopped
into pieces 2mm in
diameter. Samples
were washed three
more times in PBS,
followed by
centrifugation.

2. Not specified

1. Cells were seeded in 1mL
of complete medium -
containing
DMEM supplemented
with 20% FCS, 2mM
glutamine, and antibiotics:
100 IU/mL of penicillin and
100 mg/mL of streptomycin,
in 25cm2 cell culture flasks

2. Standard conditions at
37�C in an atmosphere
of 95% air:5% CO2.

3. Volume of the
medium was gradually
increased to 5mL over
the next 48 h.

4. Harvested using trypsin
at 60% confluence,
subcultured into a
new flask

5. Not specified

1. a) Not specified
1. b) Immunohistochemistry

>vimentin+,
desmin+, S100+
>CSC marker
(nestin+ except for
OSA-5/CD133+)

2. Not specified
3. Not specified

Warzecha et al.74 OS-KA 1. 6, F.
2. Not specified
3. Not specified

1. Biopsy sample
2. Not specified

1. Not specified
2. Sample enzymatically

dispersed with
collagenase/dispase
overnight

1. Monolayer culture in
high glucose DMEM
with 10% FCS and
antibiotics in
75 cm2 flasks.

2. Not specified
3. Not specified
4. Not specified
5. Not specified

1. a) Not specified
1. b) Not specified
2. Chemosensitivity assay

>growth inhibition up
to 90% when incubated
with cyclopamine
>growth inhibition up
to 50% when treated
with tomatidine

3. Not specified

Hitora et al.75 KTHOS 1. 16, F
2. Distal femur

1. Open biopsy 1. Tumor tissue minced
into small fragments.

1. Monolayer culture in
EMEM supplemented

1. a) Not specified
1. b) Immunohistochemistry

(Continued on next page)
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Table 4. Continued

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of
tumor tissue

2. Transport
conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total

number of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays
assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization
assays studying:
general features
of cell line

3. Assays assessing purity
(+ = present, - = absent)

3. Osteoblastic 2. Samples rinsed
with PBS containing
penicillin G (100U/mL)
and streptomycin
(100 mg/mL

2. Fragments dispersed
into a single-cell
suspension in PBS
containing 0.1%
trypsin and 0.02%
EDTA

with 10% FBS, penicillin
G (100U/mL), streptomycin
(100 mg/mL), an
L-glutamine (2 mmol/L),
in a plastic culture bottle.

2. Standard conditions at
37�C in an atmosphere
of 95% air:5% CO2.

3. Not specified
4. Harvest using 0.1%

trypsin solution when
confluent. Cells were
subcultured at a 1:3
or a 1:4 dilution. 106
passages performed

5. 27 months

>osteoblastic
(OC+/osteonectin+)
>SCF+/KIT+

2. Morphology
>spindle to pleomorphic
cytoplasm
>round to ovoid nuclei
containing multiple
prominent nucleoli
>consistent with original
histological features of tumor
Doubling time
>35.6h
Tumorigenicity
>5x106 cells subcutaneously
inoculated into 6-week-old
nude mice
>spontaneous tumor
formation at 6 weeks
(3-4cm diameter)
>histological features
similar to original tumor

3. Not specified

Tsukahara et al.,76

Nabeta et al.77
OS2000 1. 16, F

2. Left femur
3. Fibroblastic

1. Biopsy sample
2. Not specified

1. Minced into small
pieces (2mm
diameter)

2. Not specified

1. Monolayer culture in
DMEM containing
15% FCS

2. Standard conditions
at 37�C in an atmosphere
of 95% air:5% CO2

3. Not specified
4. Harvested using

0.25% trypsin at
confluence. >50
passages performed

5. 1 year

1. a) Not specified
1. b) RT-PCR

> OC-, collagen I+
2. Tumorigenicity

>1x107 cells injected
subcutaneously into
6-week-old SCID mice
>histology: large cells
with nucleic dysplasia
and increased chromatin
condensation

3. Not specified

(Continued on next page)
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Table 4. Continued

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of
tumor tissue

2. Transport
conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total

number of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays
assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization
assays studying:
general features
of cell line

3. Assays assessing purity
(+ = present, - = absent)

Sonobe et al.9 HS-Os-1 1. 11, F
2. Left proximal

humerus
3. Osteoblastic

1. Needle biopsy
2. Not specified

1. Minced with
scissors, washed
with DMEM.

2. Digested with 0.25%
trypsin solution at
37C for 30 min.
Centrifugation at
1200rpm, for 5min.
The isolated tumor
cells were washed
twice with DMEM

1. Approximately 1x106

dispersed cells
were cultured in
DMEM
containing 10%
FCS with 100 mg/mL
penicillin G potassium,
100 mg/mL streptomycin
sulfate, in a 25cm2

plastic flask.
2. Standard conditions

at 37�C in an atmosphere
of 95% air:5% CO2

3. Half volume of the fresh
culture medium was
exchanged twice weekly
until the rapid and stable
growth of the culture cells
at passage 7 (6 months)

4. Cells were subcultured
at confluence with a
dilution of 1:3 to 1:5
every 2 to 3 weeks

5. 24 months.

1. a) Karyotype analysis
>chromosome number
ranged from 55 to 134

1. b) Immunohistochemistry
>OC+/ALP+/vimentin+

2. Morphology
>round, polygonal shape
with marked pleomorphism
Doubling time
>58h
Tumorigenicity
>5x106 cells inoculated
into 6-week-old athymic
nude mice
>palpable nodules after
2–3 weeks
>histological features:
irregular bony trabeculae
with calcification, with
necrotic and
haemorrhagic foci

3. Not specified

Abbreviations: growth medium (GM), fetal bovine serum (FBS), Iscove’s Modified Dulbecco’s Medium (IMDM), phosphate-buffered solution (PBS), fetal calf serum (FCS), Roswell Park Memorial Institute 1640

medium (RPMI 1640), Dulbecco’s modified Eagle’s medium (DMEM).
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Table 5. Studies that established PCCL from primary resected tumor

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of tumor tissue
2. Transport

conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total number

of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization assays studying:
general features of cell line

3. Assays assessing purity
(+ = present, - = absent)

Thanindratarn

et al.78
OSA1777 1. 19, F

2. Left proximal femur
3. Not specified

1. Tumor tissues directly
harvested in the
operating theater.

2. Placed in sterile
normal saline within
a sealed microcentrifuge
tube on ice for immediate
transport to the laboratory

1. Specimens were
washed three times
with RPMI 1640
containing 1%
penicillin/streptomycin
(100 U/mL. Minced with
a razor blade

2. Not specified

1. Cultured in RPMI-1640
medium supplemented
with 10% FBS and 1%
penicillin/streptomycin,
in tissue culture flasks.

2. Standard conditions at
37�C in an atmosphere
of 95% air:5% CO2

3. Media replaced every
3–4 days

4. Harvested using 0.25%
trypsinization at 80–90%
confluence, with subculture
into new flasks. >50 passages

5. 6 months

1. a) STR profile
>unique genomic identity without
matching ATCC, DSMZ repositories
>AMEL locus of X chromosome consis-
tent with female patient origin
>no contamination by another human cell
line detected
>no contamination by mouse DNA de-
tected

1. b) Western blot
>EMT markers (vimentin+/cytokeratin-)
>tumor markers (p53-/MDM2+)

2. Morphology
>spindle-shaped with a round to oval
nuclei
Doubling time
>60h
Chemosensitivity assay
>in 2D culture: Cell viability decreased
after 5days exposure. More sensitive to
triple treatment (MAP) compared with
single treatment
>in 3D culture: decreased spheroid size
after 7days exposure
Spheroid formation assay
>cluster formation in 3D culture by day 5
>similar growth rate to MNNG-HOS and
U2OS

3. Not specified

Liu et al.79 CHOS 1. 58, M
2. Right scapula
3. Chondroblastic

1. Tumor samples directly
harvested in the
operating room

2. Placed in 0.9% sterile
saline into sealed
microcentrifuge tubes
on ice for immediate
transportation to the
laboratory.

1. Minced into small
pieces with a sterile
scalpel and scissors.

2. Tumor mince treated
with 2% collagenase II
in DMEM/Ham’s F-12
for 2h at 37C.

1. Cells were cultured in T75
flasks with RPMI 1640
containing 10% FBS, 100U/mL
penicillin, and 100 mg/mL
streptomycin

2. Standard conditions at
37�C in an atmosphere
of 95% air:5% CO2.

3. Not specified
4. Harvested using 0.25%

trypsinization at 80–90%
confluence, with serial
passages every 2–3

1. a) Karyotype analysis
>Cytogenetic G-banding: hypotetraploid
karyotype constitute 11% of dividing cells
>Loss of Y chromosome, gain of chro-
mosome 12.

1. b) RT-PCR
>chondroblast markers (ACAN+/COL
II+/COL X+)
>mesenchymal markers (vimentin+)
>metastasis markers (ezrin+/S100A4+)
Western Blot
>chondrocyte (high ACAN/COL II)
>osteoblastic (low ALP)

(Continued on next page)
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Table 5. Continued

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of tumor tissue
2. Transport

conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total number

of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization assays studying:
general features of cell line

3. Assays assessing purity
(+ = present, - = absent)

days >50 passages
performed

5. 6 months.

2. Morphology
>Spindle-shaped
Doubling time
>36h
Chemosensitivity assay
>more sensitive to cisplatin and doxoru-
bicin, resistant to methotrexate
>when compared to U2OS, MNNG/HOS
Tumorigenicity
>1.5x106 cells subcutaneously injected
into nude mice
>spontaneous tumor formation at
4 weeks
>Histochemical analysis of cartilage ma-
trix: purple metachromic color when
stained with toluidine blue; similar to
original tumor

3. Not specified

Zou et al.80 ZOS 1. 18, M
2. Right distal femur
3. Osteoblastic

1. Tissue specimen
obtained after two
cycles of NAC.

2. Rinsed with PBS
containing penicillin
G (100U/mL) and
streptomycin
(100 mg/mL)

1. Minced into
1mm3 pieces

2. Not specified

1. DMEM (high glucose)
containing 10% FBS,
penicillin G (100 U/mL),
streptomycin (100 mg/mL),
L-glutamine (2 mmol/L)

2. Standard conditions at
37�C in an atmosphere
of 95% air:5% CO2.

3. Polygonal cells outgrew
the explant and reached
confluence after 12 days

4. Passaged every 3 days,
dispersed by PBS
containing 0.25% trypsin
and 0.02% EDTA. Stable
over >100 passages

5. Not specified

1. a) Karyotype analysis
>Giemsa trypsin banding on 23rd passage
>chromosome number ranged from 55 to
60

1. b) RT-PCR
>osteoblastic markers (ALP+,
osteopontin+, osteocalcin+)
>metastatic markers (CD44�, cadherin-
11-)
>apoptosis markers (Fas-)

2. Morphology
>polymorphic appearance
>nucleus is atypical and large with 2–3
prominent nucleoli. Karyokinesis is
frequent and multiple nuclei can be seen.
Doubling time
>33.65h
Invasiveness Capacity
>Matrigel Invasion assay
>60cells/hpf after 24h
Chemosensitivity MTT assay
>more resistant to MTX compared to U2-
OS
Tumorigenicity

(Continued on next page)
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Table 5. Continued

Reference

Cell line

name

1. Clinical data

1. Patient age in
year and gender
(F = female,
M = male)

2. Bone of origin
3. Histological

subtype

2. Source of tissue

1. Source of tumor tissue
2. Transport

conditions (from
operating theater
to lab)

3. Disaggregation

1. Mechanical
2. Enzymatic

4. Expansion

1. Culture media
2. Incubation conditions
3. Frequency of media

replacement
4. Subculture, total number

of passages
5. Overall time taken

5. Authentication and

characterization methods

1. Authentication assays assessing:
a) genetic uniqueness,
b) cell of origin

2. Characterization assays studying:
general features of cell line

3. Assays assessing purity
(+ = present, - = absent)
>5x106 cells injected into nude mice
>average volume tumor reached 6.77cm3
within 2 months
> rare osteoid was observed in histologi-
cal section in keeping with original tumor

3. Not specified

Minamitani et al.81 KOS-1 1. 14, F
2. Left distal femur
3. Osteoblastic

1. Tissue specimen
obtained at time
of surgery

2. Not specified

1. Tumor tissue minced
with razor blades

2. Not specified

1. Cultured in a plate with
DMEM supplemented with
10% FCS, 50mg penicillin,
50mM streptomycin,
and L-glutamine.

2. Standard conditions
at 37�C in an atmosphere
of 95% air:5% CO2.

3. Not specified
4. Not specified
5. Not specified

1. a) Not specified
1. b) Immunohistochemistry

>ALP+/von Kossa+/COL I+
>MMP: secrete MMP1/MMP2/MMP3

2. Morphology
>polygonal shape, prominent nucleoli,
marginally aggregated chromatin
Doubling time
>27.4h
Tumorigenicity
>1x107 cells subcutaneously injected into
athymic nude mice
>spontaneous tumor formation at
2 weeks
>histologically similar to original tumor

3. Mycoplasma contamination
>absent
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Table 6. Studies that established PCCL from PDX

Reference Cell line name

1. Clinical data

Patient age in year

and gender

(F = female, M = male)

Bone of origin

Histological subtype

2. Source of tissue

Initial PDX formation

method

Source of tumor tissue

3. Disaggregation

Mechanical

Enzymatic

4. Expansion

Culture media

Incubation conditions

Frequency of media

replacement

Subculture, total

number of passages

Overall time taken

5. Authentication and

characterization methods

Authentication assays

assessing:

a) genetic uniqueness,

b) cell of origin

Characterization assays

studying: general features

of cell line

Assays assessing purity

(+ = present, - = absent)

Schott et al.5 OS052, OS384,

OS457, OS526,

OS742, OS833

1. 17F, 12F, 17M, 13M,
8F, 14M respectively

2. fibula; OS052, OS833.
Tibia; OS384, OS526,
OS742. Humerus;
OS457

3. Not specified

1. 1mm3 fragments of tumor
tissue in Matrigel implanted
under the renal capsule of
NSG mice. Tumors were
allowed to reach 1–2 cm3

2. For PDX passaging, cells were
implanted subcutaneously in
the flank of NSG mice
(5x105 cells) in 30mL of MEM
alpha and 20mL Matrigel.
Generation not specified.

1. After filtering, mouse
stroma removed by
depletion on a MACS
column, to generate
single-cell suspension

2. Digested in a
collagenase buffer and
filtered through a
70-mm filter.

1. standard DMEM
supplemented with
10% FBS and 1% PSG.

2. Not specified
3. Cells were allowed to

expand and sorted for
human HLA positive to
enrich for human
osteosarcoma tumor
cells, and this was
performed twice to
generate a pure
population.

4. Not specified
5. Not specified

1. a) STR analysis
> Genome copy-number
concordance
> Allele specific copy-
number
WGS
> Single nucleotide
variants (SNVs), small-
scale indels, somatic
structural variants

1. b) Histology
> corresponds with
original patient sample

2. Tumorigenicity
> injecting 1x106 cells
into the lateral tail vein
of 2- to 5-month-old NSG
mice. Spontaneous tumor
growth
>in vivo metastatic capacity

3. Mycoplasma testing
>negative

VanCleave

et al.82
COS-33 1. 7, F

2. Humerus
3. Osteoblastic

1. Parental PDX model (called
OS-33) created by direct
transplantation of untreated
patient primary tumor
fragment subcutaneously
into an immunodeficient mouse

2. Tumor source was obtained
from the third-passage tumor
of the PDX line

1. Not specified
2. Tumor pieces digested

using a mix of serum-
free aMEM medium,
Collagenase, Trypsin-
EDTA, and Penicillin-
streptomycin

1. Seeded into a 100-mm
tissue culture dish.
Initially cultured in the
growth medium containing
20% FBS and 1% Penicillin-
streptomycin.

2. Standard conditions at
37�C in an atmosphere
of 95% air:5% CO2.

3. After 48h, the cells
were switched to a growth
medium containing 10% FBS.

4. Harvested using Trypsin-
EDTA at confluence and
serially subcultured. >50
passages performed

1. a) Cytogenetic analysis
>hyper-triploid clones
with several complexly
arranged chromosomes
Genotype profile
>TP53�/�

1. b) Differentiation assay
>addition of BMP2
promotes differentiation
to mature osteoblasts,
consistent with
osteoblastic origin

2. Invasive capacity
>Boyden chamber-based:
invasion decreased on
treatment with Rapamycin

(Continued on next page)

ll
O
P
E
N

A
C
C
E
S
S

1
8

iS
cie

n
ce

2
7
,
1
1
0
2
5
1
,
S
e
p
te
m
b
e
r
2
0
,
2
0
2
4

iS
cience
R
e
v
ie
w



Table 6. Continued

Reference Cell line name

1. Clinical data

Patient age in year

and gender

(F = female, M = male)

Bone of origin

Histological subtype

2. Source of tissue

Initial PDX formation

method

Source of tumor tissue

3. Disaggregation

Mechanical

Enzymatic

4. Expansion

Culture media

Incubation conditions

Frequency of media

replacement

Subculture, total

number of passages

Overall time taken

5. Authentication and

characterization methods

Authentication assays

assessing:

a) genetic uniqueness,

b) cell of origin

Characterization assays

studying: general features

of cell line

Assays assessing purity

(+ = present, - = absent)
5. Not specified >Wound healing assay:

migration decreased on
treatment with Rapamycin
Chemosensitivity assay
>mTOR and clonogenicity
inhibition concentration-
dependent by Rapamycin
Tumorigenicity
>grafted into
immunocompromised
mice
>tumor formation
histologically similar
to parental PDX

3. Not specified

Yu et al.83 Well5 1. 16, M
2. Not specified
3. Osteoblastic

1. Fresh patient tumor tissues
were dissected into small
pieces (3 3 3 3 1mm3) at 4�C,
and implanted subcutaneously
into the bilateral flanks of 6-to-
8-week-old female NOD/SCID
mice (P1). Tumor tissues from
the xenograft was dissected
into small pieces (2 3 2 3
1mm3) and implanted into
the bilateral flanks of another
NOD/SCID mouse (P2).

2. P2 tissue at 6 weeks inoculation

1. Cut into 4mm3 pieces
2. Type IV collagenase for

1h at 37�C. Cells were
washed in PBS three
times

1. Monolayer culture in DMEM
supplemented with 10% FBS.

2. Standard conditions at 37�C
in an atmosphere of 95%
air:5% CO2.

3. Flow cytometric analysis
was used to distinguish
between CD44+ human
cells and CD44� mice cells.

4. Sorted CD44+ cells were
passaged two times in
vitro, and then digested
and diluted into 10 divisions.
Each division was digested
and diluted repeatedly until
the purity of the diluted
osteosarcoma cells was
close to 100%.

5. Not specified

1. a) Not specified
1. b) Immunohistochemistry

>SSEA-4+
Differentiation assay
>successful induction
into osteogenic and
adipogenic cells

2. Proliferation
>CCK8 assay: stronger
proliferative capacity
than MG-63
Invasive capacity
>Cell scratch assay:
stronger migration
capacity than MG-63
Tumorigenicity
>1x106 cells injected
into BALB/c nude mice
>surface metastasis
present at 6 weeks

3. Not specified

(Continued on next page)
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Table 6. Continued

Reference Cell line name

1. Clinical data

Patient age in year

and gender

(F = female, M = male)

Bone of origin

Histological subtype

2. Source of tissue

Initial PDX formation

method

Source of tumor tissue

3. Disaggregation

Mechanical

Enzymatic

4. Expansion

Culture media

Incubation conditions

Frequency of media

replacement

Subculture, total

number of passages

Overall time taken

5. Authentication and

characterization methods

Authentication assays

assessing:

a) genetic uniqueness,

b) cell of origin

Characterization assays

studying: general features

of cell line

Assays assessing purity

(+ = present, - = absent)

Kito et al.84 NCC-OS1-X2-C1 1. 11, M
2. Right distal femur
3. Not specified

1. Patient resected tumor tissues
were cut into 2-3mm pieces
and subcutaneously implanted
into the hind bilateral flanks
of 6- to 12-week-old female
SCID mice. Tumor was
passage into recipient mice
when their size reached
between 500 and 1000mm3.

2. P2 tissue used

1. Cut into small pieces.
Passaged through an
18-gauge needle. Cell
suspensions were
collected with 40-mm
nylon mesh,

2. Not specified

1. Monolayer culture in a
10-cm culture plate, in
DMEM supplemented
with 10% FBS, 100 U
penicillin G, and 100 mg/mL
streptomycin.

2. Standard conditions at
37�C in an atmosphere
of 95% air:5% CO2.

3. Not specified
4. >50 passages performed
5. 40 months

1. a) STR profile
>comparison against
cell banks (ATCC, DSMZ,
JRCB): no matching
reference
>comparison against
original tumor tissue:
confirms same genetic
identity
Karyotype analysis
>SNP array: widespread
gain and loss of
chromosomes

1. b) Not specified
2. Morphology

>spindle-like
Doubling time
>29h
Spheroid formation assay
>readily formed spheroids

3. Mycoplasma contamination
>absent

Bai et al.85 HOSS1 1. Not specified
2. Not specified
3. Not specified

1. Residual tumor from definitive
resection was transported to
laboratory in sterile RPMI
medium. Tumor was minced
into 2mm3 pieces and implanted
subcutaneously into flanks of
6-week-old NOD-SCID mice
with equal volume cold Matrigel.
Passaged when tumor size
reached 1cm3

2. Generation not specified

1. Sample mechanically
minced

2. Collagenase IV (1 mg/mL)
digested for 2h at 4�C

1. Primary culture in
RPMI 1640 medium
without FBS, containing
20 ng/mL epidermal
growth factor, 20 ng/mL
basic fibroblast growth
factor , 10 ng/mL hepatocyte
growth factor overnight.

2. Standard conditions at
37�C in an atmosphere
of 95% air:5% CO2

3. One week later, media
changed to complete
medium 10% FBS, 100U/mL
penicillin, 100 mg/mL
streptomycin

4. Not specified
5. Not specified

1. a) Not specified
1. b) RT-PCR

>adhesion and gap junction
molecules (Cx26/Cx43/Cx45
detected in spheroids, not
in 2D culture)
>E-cadherin higher in 3D
compared to 2D
>ECM-related genes
upregulated in 3D compared
to 2D

2. Doubling time
>25h
Chemosensitivity assay
>apoptosis ratio higher in
2D (55–80%) compared to
3D (20–35%) at same
concentration to Doxorubicin,
Gemcitabine, Docetaxel
Spheroid formation assay
>grew stably after 8days

3. Not specified
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Table 7. Comparison of tumor tissue source for establishing PCCL

Key Entry Data extraction

Number of studies reported

(n, (% rounded to nearest

whole number))

1. Clinical data Patient characteristics

(age and gender)

Age

� <10y/o (n=3)
� 11-20y/o (n=13)
� >20y/o (n=1)

Gender

� M (n=6)
� F (n=11)

17 (77)

Bone of origin Scapula (n=1)

Humerus (n=4)

Femur (n=9)

14 (64)

Histological subtype Osteoblastic (n=9)

Chondroblastic (n=1)

Fibroblastic (n=1)

Small cell (n=1)

Telangiectatic (n=1)

13 (59)

2. Source of tissue Source of

tumour tissue

Biopsy (n=13)

� core needle biopsy (n=11)
� open biopsy (n=2)

Primary resected tumour (n=4)
PDX (n=5)

22 (100)

Transport conditions

to laboratory

Culture medium supplemented with

penicillin and streptomycin, pH 7.4 (n=3)

Sterile saline, on ice (n=2)

5 (23)

3. Disaggregation Mechanical Mincing with sterile scalpel/scissors (n=13)

Vague methods (described as

‘‘mechanical dispersion’’) (n=3)

Filtration (n=2)

18 (82)

Enzymatic Enzyme, concentration (where specified):

Collagenase (n=10)

� Type unspecified (n=4): 250units/mL
� Type II (n=4): 0.6%, 2%
� Type IV (n=2): 1mg/mL

Trypsin (n=2): 0.1%, 0.25%
Dispase (n=2): 2units/mL

Duration:
30 minutes (n=1)
1h (n=2)
2h (n=3)
>24h (n=1)
Not specified (n=7)

14 (64)

4. Expansion Culture media DMEM (n=11), concentration not specified

� High glucose type (n=2)
� Unspecified glucose type (n=9)

RPMI 1640 (n=5)
Hams (n=2)
FBS (n=1)
alpha-MEM (n=1)
IMDM (n=1)

21 (95)

(Continued on next page)
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Table 7. Continued

Key Entry Data extraction

Number of studies reported

(n, (% rounded to nearest

whole number))
Incubation conditions 37C, 5% CO2 (n=19) 19 (86)

Frequency of

media replacement

Every 3 days (n=5)

Once/week (n=1)

Twice/week (n=1)

7 (32)

Subculture, total

number of passages

<25 (n=1)

50-60 (n=6)

>70 (n=3)

10 (45)

Overall time taken >3 months (n=2)

6 months (n=3)

>1 year (n=6)

11 (50)

5. Authentication

and characterization

methods

Authentication assays a) Assessing genetic uniqueness

STR profile

� Comparison of specific gene locus against cell bank
depositories (ATCC, DSMZ, JRCB): confirm no
matching reference, and thus a novel cell line

� Comparison against original tumour tissue:
confirm same genetic identity

� Microsatellite loci used: DS1358, D7S820, vWA,
FGA, D8S1179, D21S11, D18S51, D5S818, D13S17,
D16S539, TH01, TPOX, CSF1PO, AMEL (X, Y),
PENTA D, PENTA E, MOUSE

3 (14)

Karyotype analysis

� G-banded cytogenetic – multiple, complex
chromosomal aberrations (n=6)

� SNP array (n=1)

7 (32)

Genotype profile

� Tumour genes (TP53/RB1)

2 (9)

b) Assessing cell of origin

RT-PCR

� Osteoblastic differentiation markers - ALP,
OC, OPN, RUNX2, COL I

� Chondrocyte - S100, aggrecan, LINK, COL II,
COL X, ACAN

� Phenotype - SATB2, EWSR1
� Migration/metastasis - CD44, cadherin-11,

ezrin, AXL, S100A4
� Cancer stem cell markers - PROM1, ALDH1A1,

CD34, MYC (pluripotency)
� Embryonic stem cell markers - SOX2,

NANOG, POU5F1, KLF4, LIN28A, SSEA-4
� Sarcoma-initiating gene - LIN28B

8 (36)

Immunohistochemistry

� Osteoblast differentiation markers - OC, OPN,
ON, ALP, COL I, Von Kossa (calcium deposits), BMP4

� EMT markers - vimentin, desmin, S100
� ECM degrading proteins - MMP1, MMP2, MMP3
� Cancer stem cell markers - nestin, SCF/KIT, SSEA-4

7 (32)

Western blot

� Osteoblast markers – ALP
� Chondrocyte – ACAN, COL II

2 (9)

(Continued on next page)

ll
OPEN ACCESS

22 iScience 27, 110251, September 20, 2024

iScience
Review



Table 7. Continued

Key Entry Data extraction

Number of studies reported

(n, (% rounded to nearest

whole number))
� EMT markers - vimentin, cytokeratin
� Tumour markers - p53, MDM2

Surface antigen analysis

� Flow cytometry: mesenchymal stem cell surface
antigens - CD29, CD44, CD63, CD71, CD105 (n=1)

� Surface receptor profile: IGF-2R (n=1)

2 (9)

Differentiation assay

� Alizarin-red assay: mineralization capacity
at week 2-3 (n=1)

� Mineralization induction after adding ascorbic
acid and phosphate to growth medium (n=1)

� Addition of BMP2 promotes differentiation
into osteoblasts (n=1)

� Induction into adipogenic and osteogenic cells (n=1)

4 (18)

Characterization assays Morphology

� Maintenance of phenotype across multiple passages
� Imaged using phase contrast microscopy
� Comparison against histological sections

of original tumour for correlation

11 (50)

Doubling time (MTT assay)

� <30h: 16h, 25h, 27.4h, 29h (n=4)
� 30-50h: 33.65h, 35.6h, 36h, 40h (n=4)
� >50h: 58h, 60h, 5 days (n=3)

11 (50)

Invasive capacity

� Boyden-based chamber assay (n=2)
� Cell scratch assay (n=1)
� Soft agar growth assay (n=1)
� Wound healing assay (n=1)

5 (23)

Spheroid formation assay

� Grew stably after 5d (n=1)
� Grew stably after 8d (n=1)
� Duration not specified (n=2)

4 (18)

Chemosensitivity assay

� Standard MAP regimes at increasing
concentration levels (n=3)

� Novel targets: Adriamycin (n=1),
cyclopamine/tomatidine (n=1), rapamycin (n=1),
Doxorubicin/Gemcitabine/Docetaxel (n=1)

7 (32)

Tumorigenicity

� Growth: Assess time taken for spontaneous
tumour formation and size, after injection of
tumour cells into immunodeficient mice

� Histopathology: Ensure xenograft tumours
grown histologically identical to original

13 (59)

Assays assessing purity Mycoplasma: LookOut PCR commercial detection kits 5 (23)

Fibroblasts: identify via GD2 antibody labelling 2 (9)
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Figure 3. Workflow for establishing OS PCCL within clinical management

This workflow summarizes the extracted data, barriers to feasibility, and potential solutions for establishment of PCCL within six weeks. The overall methodology

is categorized into five Entry steps. The second column summarizes the extracted data and identifies barriers in each Entry. The final column suggests potential

solutions to overcome said barriers, which serves as a useful guide for future experiments. Abbreviations: Osteosarcoma (OS), primary cancer cell lines (PCCL),

extracellular matrix (ECM), International Cell Line Authentication Committee (ICLAC), neoadjuvant chemotherapy (NAC), short-tandem repeat (STR), next

generation sequencing (NGS), real-time PCR (RT-PCR), immunohistochemistry (IHC), western blot (WB).
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Study findings

A summary of the raw data obtained from Tables 4, 5, and 6 is synthesized and presented in Table 7.

(1) Clinical Data: Patient characteristics (age, gender) were reported in n = 17 (77%) of studies. Bone of origin was reported in n = 14 (64%)

of studies. Histological subtype was reported in n = 13 (59%) of studies, for which osteoblastic was the most reported.

(2) Source of tissue: The tissue source used was bone biopsy in n = 13 (59%), primary resected tumor in n = 4 (18%), and tumors in

pre-existing PDX in n = 5 (23%) of studies. This makes bone biopsy the most widely utilized tumor tissue source. To maintain

sterility for transport to the laboratory, samples were placed in either culture supplemented with antibiotics (n = 3, 14%), or on

sterile saline on ice (n = 2, 9%). Additional methodology was reported for PDX studies, as it required the initial formation of the

xenograft model.

(3) Disaggregation: Mechanical disaggregation was most performed by repeatedly mincing tumor tissue with sterile blades or scissors

(n = 13, 59%) or filtration (n = 2, 9%), while n = 3 (14%) studies were unclear about their methods. Enzymatic digestion was commonly

incorporated as a subsequent step following mechanical disaggregation. The most commonly reported enzymes were collagenase

(Type II and Type IV) (n = 10, 45%), followed by trypsin (n = 2, 9%) and dispase (n = 2, 9%); all at varying concentrations. The duration
24 iScience 27, 110251, September 20, 2024
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of enzymatic treatment where reported ranged from 30min to 24h. Following this step, the sample is often washed with media prior to

culture. Only n = 3 studies performed an additional centrifugation step to obtain a cell pellet prior to culture.

(4) Expansion: The most common culture medium reported was DMEM (n = 11, 50%; high glucose type n = 2, unspecified glucose type =

9), followed by RPMI 1640 (n = 5, 23%), Hams (n = 2, 9%), alpha-MEM (n = 1, 5%), IMDM (n = 1, 5%). Culturemediumwas supplemented

with 10% FBS in most cases. Cell lines OS1 andOS2000 were supplemented with 15% FBS and 15% FCS respectively, while OSA-1 and

COS-33 were supplemented with a higher concentration (20%) of FCS and FBS respectively. Although the level of detail in reporting

in vitro culture methods was highly variable, all studies expanded cells using 2D subculture methods and generally followed a similar

procedure. Standard incubation conditions (37C, 5% CO2) were used, media was replaced every 3–4 days, and serial passaging was

performed with trypsin to harvest cells when they reached 80–90% confluence and plated onto a new culture flask. The process would

then be continually repeated until the cell line was established. Where reported, the most common number of passages performed

was 50–60 (n = 6, 27%).Where reported, overall time taken ranged from 3months to one year. As the papers do not have the definition

of ‘‘establish’’ and ‘‘overall time taken’’ that we have provided, it is difficult tomake anymeaningful comparisons of time framebetween

studies.

(5) Authentication and Characterization Methods: All the assays used in the eligible studies were extracted and categorized.

Authentication assays were divided into a) Assessing genetic uniqueness and b) Assessing cell of origin. Assays assessing ge-

netic uniqueness include STR profile (n = 3, 14%), karyotype analysis (n = 7, 32%), genotype profile (n = 2, 9%). Assays assessing

cell of origin include RT-PCR (n = 8, 36%), immunohistochemistry (n = 7, 32%), western blot (n = 2, 9%), surface antigen analysis

(n = 2, 9%), differentiation assay (n = 4, 18%). The specific markers used for these assays and their function are also compiled

and categorized in Table 7. The characterization assays listed in eligible studies were highly variable and depended on their

aim. Characterization assays included those studying morphology (n = 11, 50%), doubling time ranging from 16h to five

days (n = 11, 50%), in vitro invasive capacity (n = 5, 23%), spheroid formation assay (n = 4, 18%), chemosensitivity assay to stan-

dard MAP or novel drugs (n = 7, 32%), tumorigenicity by observing spontaneous tumor formation following introduction into

immunodeficient mice (n = 13, 59%). Assays assessing purity included mycoplasma testing using commercial detection kits

(n = 5, 23%), and fibroblast labeling (n = 2, 9%).

DISCUSSION

An experimental protocol that can rapidly establish OS PCCL within clinical management could be useful for both clinical and scientific

purposes. Our study assesses the feasibility of establishing PCCL within a clinically actionable time frame of six weeks. By systemat-

ically assessing contemporary studies reporting novel OS cell line establishment in the past three decades, we aim to identify barriers

to feasibility and in turn offer strategic recommendations that can accelerate protocol optimization. In general, the methodology in

eligible studies were not standardized and often did not report key information; some omitted patient data, had unclear methodology,

or did not authenticate their cell line. However, it is establishing a cell line within the strict time frame of six weeks which likely remains

a major barrier, as studies reportedly took at least three months to be established. The tests used for authentication and character-

ization were also highly varied, and there is a need to rationalize and streamline these tests. In Figure 3, we present a visual summary

categorized according to each of the five entries: (1) feasibility assessment and barrier identification (as per Results), followed by (2)

potential solutions to each (as per Discussion). Each chapter and subchapter in the Discussion corresponds with the Data Extraction in

(Column 3) Table 3. This serves as valuable theoretical groundwork that can facilitate modular experimentation and accelerate opti-

mization of such a protocol.

Clinical data

As commercial OS cell lines are often used for scientific purposes, data sheets often publish the minimum amount of clinical data

(Table 1). We followed this precedence and only extracted the age, gender, bone of origin, and histological subtype from studies;

but even this small amount of data was inconsistently reported: only n = 17 (77%) of studies reported the age and gender of patients,

n = 14 (64%) for bone of origin, and n = 13 (59%) for histological subtype. This is a concerning finding as omitting basic clinical and

pathological data of donor patients makes it difficult to evaluate if the characteristic of the PCCL resembles the original tumor, making

any meaningful therapeutic correlation to in vitro results highly challenging.31 Beside clinical decision making, the absence of basic

patient data for a newly derived PCCL prevents meaningful comparison with commercial cell lines. For example, correlative studies

to identify salient risk factors in OS patients.

There needs to be greater standardization in reporting clinical data, but a fine balancewill have to be struck between reporting ‘‘toomuch’’

and ‘‘too little’’ clinical data. Too little data (as observed in this study) may hinder effective in vitro to in vivo correlations, but too much clinical

datamay conversely make comparisons too cumbersome. This chapter suggests theminimum (but crucial) clinical data needed tomake ther-

apeutic correlations between PCCL and patient (Principle 1, Table 3). We suggest three clearly defined ‘‘Profiles’’: Patient, Tumor, Clinical –

and the data in each to be recorded.

Patient profile

Osteosarcoma has a well-described bimodal distribution, with the first peak during adolescence and the other after the 6th decade of

life.79 It commonly presents from 10 to 25 years of age, and this is reflected with 76% (n = 13 of 17) of studies reporting patients
iScience 27, 110251, September 20, 2024 25
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between 11 and 20 years old. These age differences are relevant as adult tumors manifest different clinical features and responses

compared to their pediatric counterparts.90 There is lower tolerance to aggressive chemotherapy; as a result, elderly patients have

unfavorable prognosis compared to pediatric patients,79 making it crucial to report age. Pediatric OS also has a male predominance

in incidence, which is hypothesized to depend on the rapid bone growth due to the different hormonal changes in males and females

during their respective pubertal windows.90 Despite this, only 24% (n = 6 of 17) of studies reported male patients. Furthermore, only

two of the eight OS cell lines sold by ATCC were derived from male patients; highlighting that current cell lines are not adequately

reflecting the patient landscape. For the new PCCL to adequately reflect the patient landscape and facilitate useful comparisons, pa-

tient gender must be reported. Ethnicity was not formally included in the data extraction (as most papers omitted it). Ethnicity is re-

ported by most commercial cell lines, largely derived from Caucasian patients (Table 1). Chemotherapy causes DNA damage at the

cellular level, where genetic differences may influence responses to therapy and may be more pronounced in ethnically diverse pop-

ulations.69 Reporting ethnicity of donor patients may be useful to account for possible ethno-geographic and genetic differences when

evaluating therapeutic correlation.

Tumor profile

Osteosarcomas have distinct characteristics according to their primary site,89 however only n = 14 (64%) of papers reported tumor

location. Of the reported locations, the femur (n = 9, 64%) was the most common, followed by humerus (n = 4, 29%) and scapula

(n = 1, 7%), in keeping with established literature.58,91 Reporting bone of origin (intra-axial/extra-axial, left/right, proximal/distal) can

facilitate comparisons of aggressiveness and level of treatment response among different primary sites. High-grade (conventional)

OS develops within medullary bone, and accounts for 75% of cases.26 It is further classified into different histological subtypes based

on the predominant extracellular matrix (ECM) and is used clinically for prognosis: osteoblastic (50%), chondroblastic (25%), and fibro-

blastic (25%), and rarer variants which account for <1% of cases: mixed, small cell and telangiectatic.26 Of the n = 13 (59%) papers

reporting subtypes: osteoblastic was the most common (n = 9, 69%), followed by n = 1 (7%) each of chondroblastic, fibroblastic, small

cell and telangiectatic, largely in keeping with literature.58,92 It is crucial to report histopathological subtypes as they have different

characteristics which would influence their biology. Although not included in the data extraction, other important tumor data would

include those influencing prognosis and aggressiveness, and include stage/grade, baseline measurements of size at diagnosis (from

imaging), presence of metastasis.35

Clinical profile

Traditionally, cell lines were established to study OS biology and not for a clinical purpose. However, reporting key clinical characteristics will

facilitate correlation of clinical observations to PCCL-generated data.84 A brief clinical history can indicate the aggressiveness of the primary

tumor: delayed diagnosis, vague presenting complaint, presence of pulmonary metastasis are poor prognostic markers which should be

noted.58

Local imaging examines tumor morphology: (1) plain radiographs assesses for areas of calcification and bony destruction, (2) CT chest

assesses for lung metastasis, (3) MRI demonstrates tumor size/location and proximity to adjacent anatomical structures, (4) PET scan reveals

the most metabolically active area within the lesion and improves overall diagnostic accuracy. Reporting selected slices from diagnostic and

subsequent imaging will be useful in making correlations to aggressiveness. Recording the precise chemotherapy regime (agents, doses,

cycles, side effects, toxicities), and the in vivo treatment response data such as the tumor necrosis rate (TNR) at resection, adequacy of surgical

margins will enable prognostic correlations.93 Patients are followed-up for 8 years to assess for recurrence or metastasis, and this may be use-

ful in assessing for 5-year survival rates.

Recording clinical data into these three Profiles helps to categorize the tremendous volume of data generated in the clinical setting. For

each Profile we suggest the bare minimum data to be reported but acknowledge that it is non-exhaustive and the type/level of detail of data

reportedmight differ based on the purpose of the PCCL. Groups interested in studying drug sensitivities might choose to highlight in further

detail the chemotherapy regimens, whilst groups studying differences between histological subtypes may choose to report new bimolecular

markers.
Source of tissue

There were three main solid primary tumor tissue sources to generate PCCL: bone biopsy, primary resected tumor, and PDX. In our Introduc-

tion we defined a ‘‘clinically actionable time frame’’ lies between bone biopsy and the start of NAC cycle 2; by the time primary resected tumor

samples or PDX are created, NAC will have concluded.

Furthermore, there is no consensus for second-line therapy for poor responders, where studies that modify adjuvant treatment by dose

intensification failing to demonstrate a survival benefit,2 suggesting that any meaningful change to the chemotherapy regime should be initi-

ated early and likely prior to NAC completion. However, we will continue to critically evaluate each source of tissue and their appropriateness

under our unique clinical considerations. Namely, obtaining tissue must not delay care, must not cause additional harm to the patient, and

must remain the most sterile (Principle 2, Table 3).
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Table 8. Comparison of tumor tissue source for establishing PCCL

Bone needle biopsy Primary resected tumour PDX

Tissue readily available: existing step in

management, will be performed for all cases.

Performed as definitive therapy in most cases Initial source of tumor cell still needs to be

obtained from biopsy or primary resected

tumor first

Chemo-naı̈ve tumor cells: useful for chemo-

response and drug sensitivity studies

Cells exposed to NAC: useful for studying

chemoresistance, and for recurrent and

metastatic tumors

Validating cell lines: useful for studying effects

of long-term in vitro culture on cells

Obtained early in management: potential

6 weeks window for isolating cell line

NAC ended by this point: may not be in time to

influence any therapeutic decisions

Too time consuming: additional time needed

to establish PDX, thereafter cell line

Obtaining additional samples without harm to

patient is feasible: multiple cores can be

obtained from a single-entry point. May not

represent intratumoral heterogeneity due to

small sample.

Sterility of sample hard to maintain requires

analysis by pathologist first and may contain

necrotic cells that impede cell line

establishment

Has associated material, ethical barriers: more

appropriate for groups already working with

PDX

The Table summarizes the key aspects of three different sources of tumor tissue for establishing PCCLwithin clinical management. Abbreviations: patient-derived

xenograft (PDX), neoadjuvant chemotherapy (NAC).
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Bone biopsy

Bone biopsy is necessary for tissue diagnosis and histological subtyping. It is obtained for every patient, making it a ready source of untreated

tumor tissue which could explain its use inmajority of studies (n= 13, 59%). There were two approaches described to obtain the biopsy: Percu-

taneous needle core biopsy (n= 11) and open biopsy (n= 2). Percutaneous needle core biopsy is performed using a co-axial technique, where

multiple cores are obtained through a single-entry site,94 while open biopsy requires surgical incision and removal of tissue. Open biopsies

are no longer routinely performed due to their higher invasiveness,95 and are generally done only after two inconclusive needle biopsies to

obtain more tissue for a definitive diagnosis.

Notably, long expansion times of at least threemonths was reported in studies using bone biopsy. None of the studies reported the initial

numberof harvested cellsmaking it difficult tomakeaprecise conclusion,but this couldbeattributed to the initial lownumberof cells obtained

from bone biopsy.96 Generally, the initial number of harvested cells depends on the amount and condition of surgical tissue available,36 and

onepossiblewayof obtainingmorecells is toperformopenbiopsies routinely for theexclusivepurposeofgeneratingPCCL.Whilstmore tissue

can indeed be obtained this way, the higher complication rates and seeding risk of open biopsies compared to needle biopsies will likely

outweigh the benefit to the patient in the normal setting.

Instead, a potential solution is to simply obtain additional core needle biopsies. From the same (single) entry point, three to five cores can

be obtained (with two to three used for histological diagnosis). It is entirely feasible to obtain one to two additional biopsies (past what is

needed solely for histological diagnosis) and use them as a dedicated tissue source for PCCL isolation, without compromising timely man-

agement or sterility. Needle bone biopsy is an attractive option as the established PCCLwould technically be the closest representation of the

original pre-treated tumor,97 making it a useful source of chemonaive cells. Furthermore, normal (non-cancerous) bone can also be obtained

in the same procedure and serve as control samples when authenticating PCCL98 (authentication assays).

Primary resected tumor

Primary resection is performed as definitive therapy following NAC, and the surgical specimen is evaluated for TNR: an important prognostic

factor which guides subsequent management.99,100 Only n = 4 (18%) of papers utilized this source of tissue. As the whole resected sample

must be sent to the pathologist for processing and an accurate calculation of TNR, tissue availability and sterility is much harder to maintain,

which could explain its lower usage compared to bone biopsy. Furthermore, cell lines established from this source are no longer chemo naive.

The mixture of necrotic and live tumor cells within the sample may also hinder the establishment of a viable cell line. However, there may still

be utility in isolating PCCL fromprimary resected tumor tissues to facilitate the study of chemo-resistant OS cells. Studies of chemo-naı̈ve and

chemo-resistant cell lines obtained from the same patient (from bone biopsy and resected tumor tissue respectively), could yield new insights

into the mechanisms of drug resistance and targeted therapy.40

Patient-derived xenografts

Patient-derived xenografts are a widely used preclinical model that mimic in vivo conditions and facilitate the study of OS tumors in a

more physiologically representative environment. Briefly, PDX are created by inoculating human tumor cell suspensions (initially ob-

tained from either a biopsy or resected tissue) into immunodeficient mice to facilitate spontaneous tumor growth (which takes around

6–8 weeks). These tumors are then further inoculated into new mice to create subsequent generations. Studies using this approach (n =

5, 23%) established cell lines from a biopsy obtained from the PDX tumor (often the second or third generation); a highly time-

consuming process. Furthermore, researchers using this tissue source were already working with PDX as their primary preclinical
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tool, where establishing a PCCL was a secondary outcome. For the sole and primary purpose of establishing PCCL, creating a PDX

would be an unnecessary step; notwithstanding the multiple barriers that arise from working with xenografts that include strict ethical

guidelines, high fail graft rate, and high cost.101 However, PDX remains useful to assess if tumorigenicity of the PCCL is retained

following long-term in vitro cell culture (characterization assays).

By comparing the three sources of primary tumor tissue as summarized in Table 8, additional bone needle biopsies at the time of diagnosis

are potentially the most feasible and appropriate for establishing chemo-naı̈ve PCCL for therapeutic correlation. It is: (1) conducted early in

OS management, (2) additional tissue samples can be obtained in the same procedure (care is not delayed as patient is not required to un-

dergo additional steps), and (3) minimally invasive, allowing sterility to be easily maintained. It must be noted that despite these advantages,

bone biopsies are obtained from a small region of tumor and are unlikely to entirely reproduce the intratumoral heterogeneity, particularly in

the case of metastatic tumors. Cell lines established from primary resected tumors and PDX also have their own utility; beingmore relevant to

the study of recurring or metastatic tumors and the long-term effect of in vitro propagation on PCCL, respectively.

Transport conditions to laboratory

Maintaining sterility of the tissue sample is crucial as a contaminated cell line is challenging to ameliorate afterward. Despite this, only n = 5

(23%) of studies reported how sample sterility was maintained on transport to the laboratory. Samples were either placed in sterile plastic

containers on ice containing culture medium (RPMI 1640 or DMEM) supplemented with antibiotics (penicillin and streptomycin) at physiolog-

ical pH 7.4, or in sterile saline. Immediate transport in culturemedia at physiological pH is best-practice and is preferable over normal saline,62

to provide nutrients to keep tumor cells alive during transport. Keeping samples cool on ice, with antibiotic supplementation of media, will

provide the crucial bacteriostatic and bacteriocidic conditions to prevent mycoplasma growth. Additionally, current best practice dictates all

subsequent tissue processing and cell work should be executed aseptically in a Class II biosafety cabinet to minimize contamination.
Disaggregation

Disaggregation involves breaking down the initially solid tumor sample into smaller components to ultimately generate a cancer cell suspen-

sion for primary culture.36 This process generally consists of mechanical dissociation and/or enzymatic digestion.62 Mechanical dissociation

physically divides the sample into smaller pieces, while enzymatic treatment digests the ECM present in the initial tissue sample. Among

eligible papers, n = 18 (82%) of papers described mechanical methods, and n = 14 (64%) papers reported enzymatic methods. The overall

procedure was similar among studies: samples were washed with medium or PBS to remove blood and bone debris prior to a combination

of either solely or a combination of mechanical/enzymatic disaggregation, ending with a round of filtration/wash prior to primary culture.

However, they differed largely in terms of the specific conditions, concentrations and duration of enzymatic disaggregation. We discuss

what is likely the most time-efficient method to generate a single cell suspension for primary culture (Principle 3, Table 3).

Mechanical

This process involved physically breaking up the sample into smaller pieces and is not equipment intensive. Among the n = 18 papers

describing mechanical disaggregation, 72% (n = 13 of 18) minced their samples using a sterile scalpel or scissors into 1-2mm diameter

pieces, in keeping with best-practice.62 Unfortunately, 17% (n = 3 of 18) of papers were vague and did not describe their mechanical

methods precisely (simply stated as ‘‘mechanical dispersion’’). Filtration through a nylon mesh or cell strainer to remove bone debris

was employed in n = 2 papers, which could be due to highly heterogeneous nature of OS tumors compared to other solid tumors,

with areas of necrosis but also areas of calcified growth. Biopsy samples containing more calcified areas may require additional filtration

to remove bone. For solid tumor samples in general, mechanical disaggregation alone may not be sufficient to generate single cell sus-

pensions due to substantial ECM components, compared to fluid clinical tissue such as an ascites, aspirate, or effusion, where the cancer

cells are already in suspension.62 The calcified nature of OS may require mechanical disaggregation to be followed by enzymatic digestion,

a combination employed in n = 8 studies.

Enzymatic

Enzymatic treatment is commonly employed after mechanical disaggregation by digesting the ECM without unduly impacting tumor cell

viability. Enzymatic disaggregation is carried out using specific selection of enzymes, concentrations, and exposure times to obtain the

best cell yield, and there is still no standardized protocol for OS tumors.36 Among the n = 14 (64%) papers reporting enzymatic methods,

the most used enzymes were collagenase (Type I/IV) (n = 10, 71%), trypsin (n = 2, 14%) and dispase (n = 2, 14%). As bone is composed mainly

of collagen I and X, collagenase is an appropriate choice and could explain its frequent use. Dispase is a protease which cleaves fibronectin,

collagen IV, and to a lesser extent collagen I, whereas trypsin is often used to harvest adherent cells. Considering the extensive stromal

involvement of OS, this suggests that collagenase is a suitable choice.

Unfortunately, half of papers (n = 7, 50%) did not specify the duration of enzymatic digestion, with a range of different concentration/

enzyme unit/mL. Where mentioned, papers commonly digested tumor cells for 2h (n = 3, 21%), while n = 3 (21%) had durations of <1h, sug-

gesting that a duration of 2h could be sufficient to achieve significant ECMdigestion for primary culture. Performing enzymatic digestion over-

night on ice (n = 1) may have a gentler effect on cells62 but would massively prolong this step; the benefit of possible higher tumor cell yield

may not outweigh the additional time required.
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Following enzymatic digestion, n = 3 (21%) of studies performed centrifugation of the resulting cell suspension at 200g or 1200RPM for

5 min, prior to primary culture. Centrifugation can separate cell types according to their density and can remove contaminants to obtain a

pure cell pellet.62 Notably, OS has a complex tumor microenvironment (TME) with stromal and immune cell niches,1,102 where the cellular

composition of initial cell suspensions are likely be very variable. Hence, separating these components via centrifugation may be an appro-

priate step, but will require studies not present in current OS literature. In this chapter we suggest that Disaggregation can be performed

sequentially: (1) mechanical mincing into 1-2mm3 pieces using sterile scalpels +/� filtration of bone debris, (2) enzymatic digestion, (3) +/

�centrifugation. Although we have compiled a list of enzymes and varying concentrations and duration of treatment as reported in the

studies, there is no standardized protocol specific to OS yet, as evidence by the variety of approaches. Optimizing the Disaggregation

step will require a period of experimentation for the optimal choice of proteolytic enzymes, working concentrations, and duration of treat-

ment to obtain the best cell yield without excessive cell destruction for subsequent culture and Expansion.
Expansion

Expansion involves repeatedly subculturing cells until a ‘‘sufficient number’’ of cells are grown to facilitate statistically meaningful in vitro

testing, which we defined to be at least 109 cells. Our goal is to grow 109 PCCL within six weeks (Principle 4, Table 3), a large number of cells

that needs to be grown within a relatively short time frame. This chapter discusses the methods reported for cell expansion in current OS

literature and recommends potential modes of expediting this process.

2D subculture (passaging) methods

All eligible studies utilized two-dimensional (2D) subculture strategies. Two-dimensional serial subculture involves growing cells on planar

tissue culture vessels, and serially passaging cells to new vessels when confluence is reached. This process is repeated continuously until a

desired amount of cells are grown. Only 50% (n = 11) studies reported ‘‘overall time taken’’, ranging from three months (n = 2 of 11, 18%)

to one year (n = 6 of 11, 55%), and at first glance it may seem that none of the methodologies are fast enough. However, making any com-

parisons on the effectiveness of the eligible studies’ methodology among each other is exceedingly difficult due to the lack of clearly defined

endpoints. No paper reported the number of cells at the end of the Expansion step,making it near impossible to evaluate whichmethodgrew

cells more quickly. We instead discuss the culture conditions employed by the studies and thereafter suggest avenues of exploration of novel

cell culture techniques that could significantly scale-up cell proliferation.

A variety of culture media was used, and often a mixture is utilized, although the exact composition is not often reported. Roughly half of

papers usedDMEM (n= 11 of 21, 52%), with n= 2 using the high glucose type. High glucoseDMEM is an easily accessiblemedia which report-

edly stimulates greater rates of proliferation in OS cells which rely predominantly on aerobic glycolysis,65 making it a suitable energy source

for cellular expansion. Other culturemedia included RPMI 1640 (n= 5 of 21, 24%), Hams (n= 2 of 21, 10%), FBS, alpha-MEM, and IMDM in turn.

These are all easily accessible and appropriate culture media, with the choice seemingly dependent on availability for the specific laboratory.

Additionally, media supplements should be considered. In most of the papers, media is supplemented with 10% fetal bovine serum (FBS),

a standard practice in cell culture. A higher concentration of FBS (from 15 to 20%) can be used to boost the proliferation of slow growing cells.

However, the exact growth factors within FBS responsible for promoting OS cell growth are not currently known or explored. Alternatively,

platelet concentrates such platelet rich plasma (PRP) may be used, where 10% PRP has been shown to double the number of mesenchymal

stem cells (MSC) within the same time frame compared to 10% FBS.103 Furthermore, as OS cells are purported to originate fromMSC, PRP has

also been shown to increase the proliferation of OS cells (Saos-2 and HOS) in a dose dependent manner.104 Furthermore, PRP can be derived

from the patient themselves, potentially providing a readily available source of native growth factors.

Where reported, all papers cultured cells under standard incubation conditions of 37C, 5% CO2 (n = 19, 86%) in a humidified incubator,

with the most commonmedia replacement frequency every 3 days. Fresh media must be replaced in a timely manner to meet the high meta-

bolic demands of OS cells. Due to the static and planar nature of 2D culture, cells are not exposed to fresh media in the latent time between

media replacement. This leads to the development of nutrient/oxygen gradients within the vessel, where heterogeneous oxygen gradients

diminish the diffusion rate of gases in cells, and thereby their metabolic and proliferative capabilities105 A system of closed-loop media

replacement may be able to overcome these limitations and provide a continual source of fresh media which could likely boost cell prolifer-

ation rates (Bioreacters and Spinner flasks).

In keeping with established practice, cells were cultured in tissue culture flasks and passaged to new flasks when 80–90% confluency was

reached. Only 45% (n = 10) of papers reported the total number of passages performed, with roughly half (n = 6 of 10, 45%) of these papers

reporting 50 to 60 passages. Each passage requires manual handling and exposes cells to the risk of contamination, whilst the proteolytic

enzyme trypsin used to detach cells from the plate invariably causes cell damage and temporarily slows the rate of proliferation. Novel culture

flasks and systems capable of continual perfusion and in-situ visualization to assess confluency could overcome these barriers (see Bioreacters

and Spinner flasks).

As mentioned, an endpoint of Expansion is not clearly defined across studies, therefore there is no means of reliably discerning the most

efficient method. However, conventional adherent cell culture systems do indeed have significant limitations in terms of scalability, notwith-

standing the lack of fine control over pH, gas, and metabolite concentrations, which could prolong the overall Expansion time required.

Although 2D scale-up strategies can increase the surface area to volume ratio, they largely remain susceptible to the same inefficiencies

and contamination risks. Simple operations like cell seeding, media change and cell detachment/harvest are challenging when using multi-

layered T-flasks due to their size and weight, while roller-flasks can enhance media and gas exchange but still require manual media
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replacement. The large quantity of cells required as per the aims of our studymeans that even 2D scale-up approachesmay be inadequate to

grow 109 cells within six weeks. In the following section, we suggest exploring three-dimensional (3D) suspension culture as an alternative cell

culture method to massively scale-up cell proliferation and significantly reduce Expansion time.106,107

3D suspension culture for scale-up proliferation

Three-dimensional suspension culture is a novel method to scale-up cell proliferation by four principles: (1) increased surface area to volume

ratio, (2) increased availability of growth elements, (3) optimizing growth conditions by shear stress, and (4) continuous monitoring and

tailoring of culture conditions.108 Previously, suspension cultures were viewed as inappropriate for anchorage-dependent cells such as OS

because these cells require attachment to a surface to proliferate.109 However, microcarriers and bioreactors are emerging cell culture sys-

tems which may present a worthwhile avenue of exploration to bypass the limitation of scalability.

Microcarriers/microspheres. Microcarriers are small spheres that adapt anchoragedependentOS cells to suspension culture by providing

a floating attachment point that vastly increase their surface area to volume.110 They have a diameter ranging between 90 and 300mmand are

available in different sizes, materials, coatings, and surface charges.111,112 Treatment of microcarriers with biocompatible materials can

improve proliferation as demonstrated with SaOS-2 cells on gelatin-treated hydroxyapatite microcarriers, which showed a much higher pro-

liferation rate compared to static 2D controls.113 Hydroxyapatite is a thoroughly researched bone mimic which has stiffness adequate for OS

cell attachment andmaintains cell viability, while gelatin improves adhesion to initiate attachment.114,115 Combining other cell adhesion treat-

ments can enhance cell attachment to microcarriers.110,112 However, microcarriers are not without their challenges: it is technically difficult to

dissociate cells from carriers and harvest them for use. Conventional enzymaticmethods have proved inefficient in detaching cells frommicro-

carriers and can additionally cause cell death, decreasing the pool of viable cells and potentially extending the expansion time necessary to

establish a PCCL. Coatings with thermo-responsive polymers and degradable carriers are promising solutions to dissociate and harvest cells,

but require further investigation in OS research. However, integrating microcarriers directly into novel 3D in vitro models, could nullify the

need to detach cells (appropriate in vitro models and other testing systems).

Bioreactors and spinner flasks. Bioreactors are systems engineered for suspension culture which circulate media to continually perfuse cells

(usually attached on microcarriers) within a closed-loop environment by magnetic or electronic stirring, rocking platform, pneumatic pump, or

rotating culture vessel.116 Continual perfusion makes key elements (oxygen and nutrients) more available, while preventing the accumulation

of waste products and the development of nutrient, oxygen, and pH gradients inherent to 2D batch-fed cultures.111 Many commercial iterations

of bioreactors exist, most are large-scale, however spinner flasks represent a more appropriate bench-scale, ultra-high-density system.

Spinner flasks generate dynamic perfusion using a magnetic rotating spinner at the bottom of the device. This fluid flow creates shear

stress at the surface of cells, which present research suggests can stimulate cell growth depending on stirring speed.113 Studies have reported

shear stresses of 3–5 cPa and superficial flow rates of 400–800 mm/s leading to increased proliferation rates and osteogenic response.117,118 An

optimal level of shear stressmust be experimentally determined however, as excessive shear can lead to cell-surface detachment whichwould

be counteractive to our aim.119

As outlined by Perez et al., culture media can be inoculated with cells to fill the flask with a volume of 100–200mL, after which biodegrad-

able microcarriers are added and an initially low speed of rotation (40–60 r/min) facilitates initial cell attachment to microcarriers. Spinner

flasks can be designed to contain multiple compartments to allow sequential replacement of microcarriers without the need to interrupt

perfusion or compromise the sterility of the system.120 Such systems may prolong the period of cell culture allowing researchers to obtain

more cells with less material usage and from a smaller initial cell concentration. Additionally, continuous media agitation maintains microcar-

riers in suspension and decreases the development of nutrient gradients by continually perfusing cells with fresh media.

It is imperative that cell and viability are readilymeasurable and avoid contamination risks so cells can continue to grow. In-situmicroscopy,

sampling of small aliquots from cell culture, and monitoring fluorescence intensity from fluorescence-transfected cells are all possible real-

time, contactless methods of measuring proliferation without interrupting cell culture. Spinner flasks can be designedwith closed-loop input/

output channels to facilitatemedia replacement andmonitoring of cell culture supernatant over time, thus minimizing contamination risk and

manual handling involved.

Notwithstanding the existing limitations inherent to 2D cell culture, it is ultimately the short time frame of six weeks which encourages

exploring 3D suspension culture methods to massively scale up Expansion. Promisingly, microcarriers have been shown to greatly increase

the surface area to volume ratio of cells suspended in culture media, enhancing proliferation rates when used in conjunction with bioreactor

systems. Spinner flasks can provide an economical, bench-scale system suitable for hospital-based laboratories. This alternative cell culture

system has the potential to increase cell proliferation rates, under more sterile, tightly controlled culture conditions with continuous media

perfusion, that could contract the Expansion step immensely. However, this emerging technology will require an extensive period of optimi-

zation before 3D suspension scale-up systems become a routine and efficient in vitro cell expansion system. Avenues for exploration include.

i. Optimize microcarrier conditions: size, gelatin-coated/hydroxyapatite for initial attachment onto the growth surface, thermo-respon-

sive coatings for cell detachment and more efficient harvest of viable cells

ii. Optimize spinner flask conditions: tighter control of critical growth parameters which include the use of a bubble-free, permeable O2

aeration system, nutrient, and media perfusion, mixing rate via magnetic spinner to provide optimal shear stress
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iii. Continuous perfusion and culture: design of input/output channels and multi-chambered flasks for increased flask volume and mini-

mized manual handling

iv. Contactless monitoring of cell density, viability using in-situ microscopy whilst maintaining sterility

Authentication and characterization

Authentication and characterization assays are performed to ensure that the identity and purity of the PCCL is confirmed, as the incorrect use

of cell lines due tomisidentification and cross-contamination damages the reliability of potential in vitro results.88,89 Despite guidelines being

available, the variability of approaches in cell line authentication has been a long-standing challenge among researchers. This challenge was

reflected in the eligible studies, with assays performed without a clear systematic approach, at times leading to the omission of important

tests. This is crucial to rectify as the authentication of tumor cells, and a detailed characterization of its features, holds immense scientific

and translational significance.

Adefinitionas towhenacell line is adequately authenticatedandcharacterizedwill behelpful indetermining thecrucial ‘‘tippingpoint’’ of ‘‘just

enough’’ tests tobe conducted.Asmentioned in the Introduction,weproposed that the PCCL is ‘‘established’’ when its identity correspondswith

the original tumor cell, maintains its morphology, and is not contaminated by other cell types: i.e., when it is ready to be reliably used for exper-

iments revolving around predicting the in vivo response of tumor cells. Such verification can often be performed on the first few cell passages.

This chapter compiles all the assays mentioned in the eligible studies and stratifies them according to those that (1) confirm identity and

novelty of the newly established PCCL, (2) investigate cell behavior, and (3) ensure purity and non-contamination (Principle 5, Table 3).34 In

doing so, the assays are organized into clearly defined sections: Authentication assays assessing genetic uniqueness and cell of origin, Char-

acterization assays studying general features of cell line, Assays assessing purity, thereby aiding systematic rationalizing for the minimum (but

crucial) checkpoints for quality assurance.

Authentication assays

The International Cell Line Authentication Committee (ICLAC) defines ‘Authentication’ as ‘‘to confirm or verify the identity of a cell line,

demonstrating that it is derived from the correct species and donor’’. Due to the extreme variability of OS, there is a lack of specific, recurrent

molecular markers for identification.79 Therefore, it is vital for the PCCL to be compared and validated against the original tumor tissue. A

baseline reference can be created by performing selected immunohistochemistry or genetic tests on the initial bone biopsies: we have clas-

sified assays according to those assessing genetic uniqueness and those assessing cell of origin.

Assays assessing genetic uniqueness. Short tandem repeat (STR) profiling is the gold-standard for human cell line authentication and a

requirement for publication,87 despite this only n= 3 (14%) of papers performed this assay. This is deeply troubling as STR profiling can detect

interspecies contamination and even discriminate between individuals of the same species, by testing for the presence of a relatively small

number of specific allelicmarkers. Introns specific toOS (Entry 5a, Table 7) can be tested to ensure the genetic identity of PPCL corresponds to

the original tumor and is novel by comparison against established STR profile databases (accessible here (https://iclac.org/databases/).34 Not

requiring a high level of technical expertise or equipment, STR profiling is essential for verification: it is a highly discriminatory, a requirement

for publication, low-cost, and rapid.87

The genetic landscape of OS tumors is highly complex, demonstrating aneuploidy and inconsistent genetic aberrations, with no single

targetable genetic event appearing to define this disease.28 Chromosomal studies by performing G-banded karyotype analysis (n = 6,

27%) or SNP array (n = 1, 5%) can help shed light on the genomic drivers of OS, but with no recurring karyotype reported to date it may

be difficult to confirm genetic identity of PCCL even with comparison against the baseline biopsy tissue due to its complex karyotype. Addi-

tionally, about 70% of OS cases have altered genotypes, which may include gain of chromosome 1, loss of 13 (RB1 gene), and 17 (TP53).121

Based on the limits of current scientific understanding, a genotype profile investigating major tumor suppressor or oncogenes, such as TP53

and RB1 as in n = 2 (9%) of studies, may be less helpful for identification considering the high degree of genomic instability.26

Ensuring the genetic novelty and concordancewith the original tissue is essential for verifying the new PCCL, which can easily be donewith

STR profiling. Although karyotyping and genotype profiling may be less helpful for the sole aim of proving identity, there remains much to be

discovered on the genomic landscape of OS. Such tests can shed light on new genomic drivers and characteristics, potentially discovering

new identifiable markers, particularly if used in conjunction with other genomic tests (additional assays to consider).

Assays assessing cell of origin. Assurance of identity is required to ensure that key phenotypic characteristics of the PCCL have not

changed throughout its lifetime in vitro, by comparison against the cell type identified on initial tumor sample.88 As evidenced by the multi-

tude of tests used in the eligible studies, this verification can be done by a wide variety of assays. However, to avoid unnecessarily prolonging

this authentication step, careful consideration must be employed to avoid doubling up on assays studying similar phenotypic characteristics.

Real-time PCR (RT-PCR) is a rapid molecular assay used to identify cell marker expression on a transcriptional level, used in n = 8 (36%) of

studies. Specific transcriptional markers can be selected to confirm a particular OS histological subtype (osteoblastic, chondrocyte, etc.), or

certain cancer characteristics (migration/metastatic markers) (Entry 5b, Table 7). With results obtainable in a few hours, RT-PCR is a powerful

tool to confirm that the PCCL corresponds with the original tumor, by expression of the same selected markers.

Immunohistochemistry (IHC) identifies expression of cell markers on a translational level within the cell performed by 32% (n= 7) of studies.

A useful tool for molecular studies, IHC studies the same markers used in RT-PCR and may be useful to ensure that the same markers are
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expressed translationally. Western blot (WB) was used in n = 2 (9%) to quantify the expression of a specific protein in a tissue sample: cells are

lysed to release their intracellular proteins which are separated by molecular weight through gel electrophoresis, before finally being trans-

ferred onto the membrane surface for quantification. Compared to RT-PCR and IHC (which are usually qualitative), WB can facilitate quan-

tification of protein levels, which may help confirm cell of origin.

Surface antigen analysis by flow cytometry was performed in n = 2 (9%) of studies to analyze the presence of MSC surface antigens (CD44,

CD90, and CD105) and IGF-2R. Flow cytometry can assess the expression of specific extracellular markers to confirm the cell of origin, where

MSC are purported to be a cell of origin forOS although the literature is inconclusive.While tumor-associated antigens are becoming increas-

ingly relevant for developing a serological diagnosis of OS,78 surface antigen analysis may not yet have sufficient discriminatory power for

definitive verification, considering limitations of current techniques and knowledge. One of the diagnostic properties of OS is the differen-

tiation into osteoblasts and the ability to deposit minerals. Differentiation assays can assess mineralization capacity aided by the addition of

osteogenic factor-containing media (ascorbic acid, phosphate, and BMP2) and prove osteoblastic origin as done in n = 4 (18%) studies. How-

ever, these assays are time consuming, with results available after two to three weeks.

Characterization assays

Considering the diversity and complexity of OS, the success of in vitro drug studies depends on cell lines retaining their in vivo characteris-

tics,31 characterization assays help study general features of the PCCL to enable comparative study. There is a staggering range of assays that

can be done to characterize cell behavior and the non-exhaustive nature of this chapter. Instead, we aim to streamline the assays listed in the

eligible studies, briefly highlight other novel assays to consider, and finally discuss 2D and 3D systems of in vitro testing; thereby providing

readers a solid theoretical base to tackle the huge breadth of possible assays that can be used to characterize and study PCCL.

Assays listed in eligible studies. Morphological characterizationwas performed in 50% (n= 11) of studies to validate the cancer phenotype

of the PCCL by correlation with histological sections of the original tumor. Visual examination with phase contrast microscopy can quickly

assess if cell morphology is retained across multiple passages.

Doubling time was obtained by n = 11 (50%) of studies by MTT assays. In keeping with the heterogeneous nature of OS is heterogeneous,

there was a wide range of reported doubling times among the newly established cell lines: 36% (n = 4 of 11) of studies had doubling times

between 30 and 50h, in keeping with most OS commercial lines of 36h (U2OS, HOS, HOS-143B) and 48h (MG-63, SaOS-2) respectively (Table

1). Notably, n = 4 (36%) of studies reported doubling times <30h, suggesting that they are more aggressive than commercial cell lines. Ob-

taining the doubling time has great value in facilitating comparison against other primary or commercial OS cell lines as a measure of aggres-

siveness and baseline growth characteristics.

Several assays were used in the eligible studies (n = 5, 23%) to assess the invasiveness and metastatic capacity of cell lines, including Boy-

den-based chamber, cell scratch, soft agar growth assay, and wound healing assay. These in-vitro tests can provide a baseline assessment of

invasive capacity without performing lengthy in vivo tests (which involve injecting tumor cells into PDX and subsequently assessing for lung

metastasis).

Assessing the spheroid forming capacity of new cell lines generally took 5–8 days (n = 4, 18%) and canmeasure the self-renewal andmulti-

potent nature of the cancer stem cell subpopulations within the PCCL, lending insight into the cell line’s capacity for differentiation and tumor-

igenicity. Additionally, spheroids have shown to mimic in vivo conditions more reliably than standard monolayer culture, by forming an outer

proliferating layer and inner necrotic core similar to solid tumors.78 By providing a 3D environment like the native tumor, spheroids can facil-

itate more accurate in vitro studies. However, performing high throughput in vitro studies on spheroids may not be feasible considering the

relatively protracted wait time to form spheroids, and the little control over the spheroid size whichmake it difficult modulate the nutrient and

O2 gradients inside the aggregates and necrotic cores.110 The rising use of 3D scaffold-based in vitro cell culture models (appropriate in vitro

models and other testing systems) may address these limitations whilst still providing a tunable and relevant 3D environment for testing.

Chemosensitivity assays were performed with increasing concentrations of the standard chemotherapy drugs (doxorubicin and cisplatin)

(n = 3 of 7, 43%) or novel drugs (n = 4 of 7, 57%) such as Adriamycin and cyclopamine. These newly established cell lines showed higher resis-

tance to standard chemotherapy compared to commercial cell lines. This shows the clear preclinical utility that newPCCLs could have in gener-

ating in vitrodata thatmore accurately assesses theefficacyof potential drugsbeforeprogressingontomore costly in vivo studies. There is also

an exciting potential for these PCCL to generate patient-specific data that can inform an individual patient’s chemo-response profile.

Roughly half of studies (n = 13, 59%) assessed tumorigenicity by inoculating human OS cells into immunodeficient mice and assessing for

spontaneous tumor growth and its corresponding histology as compared to the original tissue.122 This is important as long-term in vitro cul-

ture of cancer cells may result in genetic alterations that lead to loss of tumorigenicity, necessitating regular checks on tumor initiation po-

tential, undermining the cell line’s ability to sustain the original tumor characteristics and thus its predictive clinical power.122 However, it is an

overall expensive and time-consuming process taking at least six weeks for the tumor to grow and subsequently be assessed. However,

should the newly established PCCL be immediately used for short-term culture, we are potentially freed from the complications secondary

to long term in vitro culture, namely loss of heterogeneity and loss of tumorigenicity. As there are shorter alternatives such as spheroid for-

mation assays that can also investigate tumorigenicity, it may not be strictly necessary to perform PDX formation in the short term.

Additional assays to consider. There is a focus among eligible studies on assays that interrogate cell growth, cell viability, invasiveness and

chemosensitivity. Emerging technologies like next-generation sequencing (NGS) can generate a wealth of information with relatively minimal
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genetic material. Genomic and transcriptomic profiles can correlate oncogenicmolecular alterations with cellular drug response to build pre-

dictive models of patient drug-response.123,124 Angiogenesis studies can also shed light on tumor invasiveness considering the hematoge-

nous spread of OS and assess the likely efficacy of novel drugs targeting new vessel formation.

Appropriate in vitromodels and other testing systems (2D or 3D). Although the above assays were conducted on cells grown in mono-

layer, there are growing concerns over data reliability considering the extremedifferences between the in vivo tumormicroenvironment (TME)

and the artificial conditions generated in vitro by adhesion to 2D plastic surfaces.125 There was n = 2 studies showing a chemosensitivity dif-

ference between the same PCCL cultured in 2D and 3D conditions. For reliable in vitro to in vivo translation of results, it is vital to optimize

culture conditions and grow/test PCCL in appropriate in vitro models that assimilate the native TME and recapitulate more in-vivo-like

behavior.59 Emerging 3D in vitro models such as scaffold-based cell culture can recreate specific TME conditions using biocompatible ma-

terials and have shown to be more representative compared to monolayer culture.1,126

Using these 3D in vitro systems alongside traditional monolayer testing will continue to be helpful as the inter-tumor heterogeneity of OS

suggests that no single model system will be effective to test the therapeutic potential of specific drugs across all OS.63 In particular, High

Content Systems can play a crucial role in advancing drug discovery and understanding cellular responses by offering the capability to analyze

multiple parameters in a single experiment.

(1) Operetta CLS High-Content Analysis System: This system integrates automated microscopy and image analysis to assess various

cellular features, such as morphology, fluorescence intensity, and translocation, allowing for comprehensive drug response analysis.

(2) ImageXpress Micro Confocal High-Content Imaging System: Equipped with confocal imaging capabilities, this system enables the

examination of cellular responses to drugs in three dimensions, along with the assessment of parameters like cell viability, apoptosis,

and protein expression levels.

(3) IN Cell Analyzer Series: The IN Cell Analyzer platform provides high-throughput, high-content imaging for drug screening applica-

tions. It allows the analysis of multiple cellular parameters, including subcellular localization, cell morphology, and dynamic cellular

processes, facilitating a thorough examination of drug effects.

(4) ArrayScan XTI High-Content Analysis (HCA) Reader: This system combines high-throughput imaging with powerful bioinformatics

analysis, allowing the simultaneous evaluation of cellular responses to drugs across various endpoints such as cell cycle progression,

nuclear morphology, and cytoplasmic intensity.

(5) CellInsight CX7 High-Content Analysis System: This system offers a flexible and scalable platform for the analysis of cellular responses

to drugs. It covers a wide range of parameters, including cell health, mitochondrial function, and intracellular signaling, providing a

holistic view of drug effects on cells.

Assays assessing purity

Studies using contaminated cell lines are not reproducible, and a purity check is extremely important to exclude the possibility of working with

unwanted models and producing false and unreliable data. Unfortunately, cell lines generally become cross-contaminated early due to faulty

cell handling.36 Adhering to proper handling techniques andperformingpurity assayswill helpdetect cellular contamination, resulting inmore

reliable results. Mycoplasma is a bacterium that frequently contaminates mammalian tissue cultures, and their presence affects cell behavior.

Although employed in only n= 5 (23%) of studies, mycoplasma screening is easily performedwith commercial kits and is crucial to ensure non-

contamination of the PCCL. Fibroblasts are present in theOSECMandmay bepresent if disaggregation of the solid tissuewas not adequately

performed,whichmay rapidly outgrowth thecancer cell population. Twostudies (9%) labeledfibroblasts and scraped themoffphysically.Addi-

tionally, Geneticin is an antibioticwith a selective action on fibroblasts andhelps their overgrowth,with little interferenceon cancer cell survival.

In addition to these purity assessment assays, we recommend following the ICLAC guidelines on sterile handing; briefly, they include keeping

the number of handlings to a minimum, reducing exposure to unsterile handling, reducing exposure to other chemicals/agents.34

Limitations and future perspectives

A protocol to establish PCCL prior to the second course of NAC (that could possibly guide clinical decision) has not been proposed before,

and we acknowledge the immense difficulty of accomplishing this within six weeks. This study performed an extensive theoretical assessment

of the past three decades of OS cell line establishment methods within a systematic framework. Although logically deduced, our proposed

definitions regarding a ‘‘clinically actionable time frame’’, when the PCCLbecomes ‘‘established’’, and the number of ‘‘sufficient cells’’ needed

for adequate testing, remain largely theoretical until experimentally determined. As no existing definitions were indicated by the eligible

studies, it is difficult to make any useful comparisons and critically evaluate the efficiency of one methodology over another. Furthermore,

every subsequent passage or subculture will inevitably select for a dominant cancer clone. Using PCCL for reliable therapeutic correlation

or scientific study must account for these inherent limitations, making it crucial to use appropriate and well-characterized in vitro or in vivo

models alongside these novel cell lines. While not a step-by-step lab-based protocol at this stage, our framework serves as a useful ‘map’

for accelerating systematic optimization of PCCL establishment within OS management. Categorizing the cell line establishment process

into five Entry points facilitates ‘‘modular’’ experimentation, where the potential solutions for each step can be tested in a systematic fashion.

For example, refining 3D suspension cultures for scale-up proliferation can be done using readily available commercial cell lines first to opti-

mize conditions before using patient samples in preclinical studies.
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Conclusion

A protocol that can rapidly establish PCCL for OS within a clinically actionable time frame and grow sufficient cells for statistically meaningful

testing would be immensely useful. New PCCL can augment the range of OS cell lines researchers can employ for preclinical study, while

patient-specific data have the potential for therapeutic correlation and informing clinicians. Validating and growing 109 cells within six weeks

from primary tumor tissue (biopsy) is unprecedented and likely exceedingly difficult with current scientific techniques. By systematically re-

viewing the methodology of novel OS cell lines published in the past three decades, we explore the feasibility of this aim by categorizing

the methodology into five main Entry and theoretically identified barriers and potential solutions for each. This provides a ‘‘framework’’

for groups to compare methodology in a standardized manner and accelerate modular optimization of each step. This study has.

I. Provided definitions to enable comparison of methodology:
34 i
a. ‘‘clinically actionable time frame’’ of six weeks

b. ‘‘establish’’ when identity coincides with original tumor tissue

c. ‘‘sufficient cells’’ for testing comprises at least 109 cells
II. Delineated five Entry of methodology: helps to facilitates modular and systematic experimental optimization.

III. Identified barriers and potential solutions for each Entry: groups can see state-of-the-art alongside avenues of future exploration.

IV. Compiled authentication assays according to three criteria: helps standardize validation of future cell lines.
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