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Abstract

Soft-tissue sarcomas (STS) represent a heterogeneous group
of rare, malignant tumors of mesenchymal origin. Reliable
in vivo sarcoma research models are scarce. We aimed
to establish and characterize histologically and molecularly
stable patient-derived xenograft (PDX) models from a broad
variety of STS subtypes. A total of 188 fresh tumor samples
from consenting patients with localized or advanced STS
were transplanted subcutaneously in NMRI-nu/nu–immuno-
deficient mice. Once tumor growth was observed, thematerial
was passaged to a next generation of mice. A patient-derived
tumor sample was considered "successfully engrafted" when-
ever the sample was transplanted to passage 1. A PDX
model was considered "established" when observing stable
morphologic and molecular features for at least two passages.
With every passage, histologic and molecular analyses were

performed. Specific genomic alterations and copy-number
profilewere assessed by FISHand low coveragewhole-genome
sequencing. The tumor engraftment rate was 32% (61/188)
and 188 patient samples generated a total of 32 PDX models,
including seven models of myxofibrosarcoma, five dediffer-
entiated liposarcoma, five leiomyosarcoma, three undifferen-
tiated pleomorphic sarcoma, two malignant peripheral nerve
sheet tumor models, and single models of synovial sarcoma
and some other (ultra)rare subtypes. Seventeen additional
models are in early stages of engraftment (passage 1–2).
Histopathologic and molecular features were compared with
the original donor tumor and were stable throughout passag-
ing. The platform is used for studies on sarcoma biology
and suited for in vivo preclinical drug testing as illustrated by
a number of completed and ongoing laboratory studies.

Introduction
Soft-tissue sarcomas (STS) are rare, malignant tumors of mes-

enchymal origin, which account for less than 1% of all adult
malignancies (1). Worldwide, the annual incidence of STS is

around 2–3/100,000 (2, 3). STS are a histologically, molecularly,
and genetically very diverse family of malignancies, with more
than 70 different subtypes described previously (4).

Surgery is the mainstay of treatment for localized STS, some-
times supplemented with perioperative radiotherapy or systemic
treatment (5). Patients with inoperable or metastatic disease are
usually treated with palliative intent, and chemotherapy is the
most common treatment approach in this setting. The therapeutic
goals in such advanced cases are to gain disease stabilization, to
stop or delay progression, and achieve or maintain symptom
control for as long as possible (2). Five-year overall survival (OS)
rates across all STS subtypes and all disease stages are in the range
of only 50% (3, 6). Up to 40% of patients with localized STS
develop metastatic spread during their disease course and an
additional 10% present with metastases at the initial diagno-
sis (4, 7). In the majority of cases, metastasis implies that cure
can no longer be achieved, with few notable exceptions. Five-year
OS in such patients is only around 10%–20% (2). The treatment
options for locally advanced, unresectable, and/or metastatic
disease are far from satisfactory and only a minority of patients
achieves objective responses under conventional chemotherapy,
which is usually based on doxorubicin monotherapy or on
doxorubicin/ifosfamide combination treatment (8). In the most
recent randomized phase III trial, the response rate to 75 mg/m2

doxorubicin, which is the standard of care for metastatic or
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inoperable STS in adult patients, was below 15% of treated
patients (9). After failure of doxorubicin, a variety of chemother-
apeutic and targeted agents are used, including ifosfamide, dacar-
bazine, gemcitabine, trabectedin, eribulin, and others (10). Tar-
geted agents play an increasing role in the treatment of STS, with
drugs such as the small-molecule tyrosine kinase inhibitor (TKI)
pazopanib, used after failure of anthracycline-based chemother-
apy. Although being important and much needed treatment
options for patients with advanced STS, all agents used in first
and subsequent lines of treatment provide rather limited clinical
benefit with progression-free survival typically around only 3–6
months (11). Therefore, the preclinical or clinical exploration of
novel, more effective treatments for STS has high priority.

Because of the rarity and heterogeneity of sarcomas, most
studies pool different subtypes of STS together and include only
a relatively small number of patients with specific entities, each
subtype characterized by unique disease biology, clinical behav-
ior, and response to treatment, as one of the reasons for the
somewhat unpredictable outcome of clinical trials in sarcoma.
At present, the field is moving toward exploring specific drugs
in rationally selected biological entities, as illustrated by large
prospective trials performed exclusively in the more common
liposarcoma and leiomyosarcomas (12, 13) or by more recent
trials in ultrarare STS variants (14–17). To provide a rationale for
such trials, there is a need to have reliable sarcoma research
models that match the clinical behavior of the respective sarcoma
subtype and its sensitivity or resistance to a given experimental
agent. This facilitates preclinical drug screening and allows to gain
better insights into the biology of the disease and to test biology-
driven treatment strategies in specific STS subtypes. It enables to
screen the expression of specific proteins of interest and preselect
the models for preclinical testing based on the expression of
targets of interest. This approach gives new agents a higher chance
to show their efficacy in the subsequent clinical trials, avoids the
high level of uncertainty associated with trials in a nonselected,
pooled sarcoma population, and can help in improving the high
attrition rate of drugs in early development for the treatment of
STS, that is in part responsible for the slow progression of this
scientific field.

During the past decades, cells cultured in vitro and cell line–
derivedmouse xenografts have been standard tools for preclinical
drug screening and development. However, these models are not
fully representative for the clinical setting due to the intra- and
intertumor heterogeneity observed in the clinic (18). Patient-
derived xenografts (PDX), established by engrafting human
tumor tissue in immunodeficient mice, can overcome some but
not all of these limitations. PDX platforms of different types of
cancer have been described, and these PDX models showed to
maintain the histologic andmolecular features of the donor tissue
and proved to be a valuable tool in preclinical compound test-
ing (18–22). Moreover, genetically engineered mouse models,
generated by selective targeted alteration of a small number of
genes, have been developed for a number of STS subtypes (23).
These models are useful in cytogenetically simple STS, mostly
characterized by tumor-specific chromosomal translocations
resulting in fusion genes acting as oncogenic transcription factors.
Most STS, however, have a complex karyotype and genetic mouse
models have a limited role in the preclinical research of these
genetically complex sarcomas. Nevertheless, they are very helpful
in studying the effects of highly targeted agents.

Because of the rarity of STS there is still an important lack of
reliable in vivo research models for this very diverse group of
diseases. The aim of our study was to establish and characterize a
new, useful panel of PDX models representing different STS
subtypes, ranging from common variants to some of the ultrarare
subtypes, for which no preclinical models had been available
until today.

Materials and Methods
Collection of patient tumor samples and clinical data

All tumor samples were collected from patients with STS,
undergoing routine surgery or a diagnostic biopsy at the Depart-
ments of Surgical Oncology, Orthopedic Surgery or Radiology,
University Hospitals Leuven (Leuven, Belgium). Written
informed consent was obtained from each patient and the xeno-
grafting of patient-derived mesenchymal tumor material was
approved by the Medical Ethics Committee, University Hospitals
Leuven (S53483) and by the KU Leuven Ethics Committee
for Animal Research (project numbers P062-2011, P184-2012,
P056-2014, and P175-2015).We primarily aimed at selecting STS
subtypes with specific molecular alterations (e.g., translocation,
amplification, point mutation. . .), allowing easy follow-up and
verification throughout passaging. However, as the histologic
diagnosis was often made only after resection of the specimen,
STS subtypes with complex genomic profiles or unknown histo-
logic type were also xenografted and subsequently included in
the panel. The fresh tumor tissue was collected by the surgeon
or radiologist under sterile conditions and a piece of the material
was immediately transferred to the Laboratory of Experimental
Oncology, KU Leuven (Leuven, Belgium) in sterile medium.
Tumor fragments were transplanted bilaterally into female
adult, partially immunodeficient, athymic NMRI-nu/nu mice
(Janvier Labs). In parallel, tumor tissue was processed by the
Department of Pathology, UZ Leuven for routine histology,
immunohistochemistry (IHC) and, if applicable, for example
fluorescence in situ hybridization (FISH), or mutational analysis.
The diagnosis was made by a reference sarcoma pathologist
(R. Sciot) in collaboration with an expert sarcoma geneticist
(M.Debiec-Rychter), according to theWorldHealthOrganization
classification (4).

To determine potential factors associated with better tumor
engraftment, the following donor patient and xenograft sample
characteristics were collected: sex, age at diagnosis, origin of the
tumor sample (biopsy vs. surgery and primary tumor vs. local
relapse vs. metastatic lesion), anatomic location of the sample
used for xenografting, histologic diagnosis, and occurrence of
local relapse or metastatic spread during the disease course.
These parameters were collected as a part of an extensive
LECTOR database, compiling pathologic, clinical, and molec-
ular characteristic of patients with STS, diagnosed and treated at
University Hospitals Leuven (Leuven, Belgium). These details
were compared between successfully engrafted and none-
ngrafted tumors, using the Fisher exact and x2 tests. The
Kaplan–Meier method was used to estimate OS of donor
patients from successfully engrafted and nonengrafted tumors,
which were compared with the log-rank test. P values lower
than 0.05 were considered as statistically significant. All statis-
tical calculations were performed with GraphPad Prism version
7 Software (GraphPad Software Inc).
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Establishment of STS PDX models
Tumor samples (25–75 mm3, depending on the availability

of tissue) were transplanted bilaterally into the subcutaneous
space of immunosuppressed mice (passage 0), under 3%
isoflurane anesthesia (Rotacher). Mice were housed in individ-
ually ventilated cages, with food and water available ad libitum,
and the tumor growth was checked weekly. Once tumor growth
was observed and its volume reached approximately 200 mm3,
the tumor-bearing mouse was euthanized using a supraphy-
siologic dose of pentobarbital, and the tumor was bilaterally
retransplanted ("passaged") to a next generation of mice
(n ¼ 2). With every passage, a piece of tissue was snap-frozen
in liquid nitrogen and another piece was fixed in 4% buffered
formalin to assess the histopathologic and molecular features
of the tumor.

A xenograft sample was considered "successfully engrafted"
whenever a growing tumor could be transplanted to a next
generation of mice (passage 1 or higher). A xenograft model was
considered "established" after observing stable histologic and
molecular features for at least two passages (retained character-
istics in passages 1 and2, identical to those of the original patient's
tumor).

Xenograft tumor pieces from established models were also
collected in 10% DMSO (Sigma-Aldrich) in DMEM Nutrient
Mixture F-12 (DMEM/F-12; Thermo Fisher Scientific) for long-
term cryopreservation, that is, storage in liquid nitrogen. This
allowed for biobanking of PDX material, which can be used at a
later timepoint to reinduce the PDX model in mice for in vivo
experiments. Cryopreserved material was retransplanted into
mice after at least 6 months of storage in liquid nitrogen and
in vivo regrowth of the PDX material was assessed. After ensuring
the regrowth of the tumor model and after collection of sufficient
ex-mouse material, fast growing models were discontinued
in mice, with the possibility to reinduce the PDX model in vivo
at a later timepoint.

For ethical reasons, we chose to engraft tumors bilaterally to
reduce the number of mice required. To ensure that two tumors
from the same animal can be considered as independent events
we used previously obtained datasets (24). They included tumor
volume and mitotic/apoptotic count, from three different in vivo
experiments performed in three different PDX models, random-
izing (i) control mice, (ii) mice treated with drug A, and (iii) mice
treated with drug B, with at least 6 mice (12 tumors) included in
each treatment group.Using these datawe calculated the degree of
similarity or clustering between two tumors engrafted in the same
mouse by quantifying the intraclass correlation coefficient (ICC),
ranging from 0 (no similarity) to 1 (similar data). The ICCs were
obtained from a one-way random effects model using the pro-
cedure PROC MIXED in the SAS software, version 9.4 of the SAS
System for Windows (25).

Histopathologic and molecular characterization of STS PDX
models

Formalin-fixed tumor specimens were embedded in paraffin
and 4-mm sections were cut for hematoxylin and eosin (H&E)
staining and IHCanalyses. The following primary antibodieswere
used for IHC: alpha smooth muscle actin (a-SMA; Dako
M085129-2), desmin (Dako M076001-2), epithelial membrane
antigen (EMA; DakoM061329), myogenin (Dako M3559), S100
(Dako A511401-8), murine double minute 2 homolog (MDM2;
Thermo Fisher Scientific 337100), and human leukocyte antigen

A (HLA-A; Abcam ab52922). Sections were incubated with sec-
ondary antibody–horseradish peroxide (HRP) polymer conjugate
(Envisionþ System-HRP; DAKO) and stainings were developed
using diaminobenzidine (DAKO), followed by hematoxylin
counterstaining (VWR).

A dual-color FISH was conducted on paraffin sections to assess
STS-specific genetic changes: MDM2 amplification, rearrange-
ments of synovial sarcoma translocation chromosome 18 (SS18),
calmodulin-binding transcription activator 1 (CAMTA1), and
capicua transcriptional repressor (CIC) and the fusion between
hes-related family bHLH transcription factor with YRPW motif 1
(HEY1) and nuclear receptor coactivator 2 (NCOA2). The LSI
MDM2/CEP 12 FISH Probe Kit (KreatechDiagnostics KBI-10717)
and Vysis SS18 Break Apart FISH Probe Kit (Abbott 03N61-020)
were used to detect MDM2 amplification and SS18 rearrange-
ment, respectively. For assessment ofCAMTA1 andCIC rearrange-
ment and HEY1-NCOA2 fusion, home-made FISH probe sets
designed, labelled, and validated in the Department of Human
Genetics, KU Leuven (Leuven, Belgium) were used.

Low coverage whole-genome sequencing
To study the genomic stability between passages, copy-number

analysis was performed using low coverage whole-genome
sequencing (WGS; coverage 0.1�). DNA was extracted from
frozen xenograft samples of different passages, using the QIAamp
DNA Mini Kit (Qiagen). KAPA DNA Library Preparation Kit
(Illumina) was used to prepare DNA libraries, which were
sequenced at low coverage on a HiSeq2000 (Illumina) with a
V3 flowcell generating 50 bp reads. Raw reads were aligned to
the human reference genome version hg19 (https://genome.ucsc.
edu; hg19 released February 2009) with Burrows-Wheeler Aligner
software package (http://bio-bwa.sourceforge.net) and after
duplicate removal further analyzed with QDNAseq (https://
bioconductor.org/biocLite.R) to exclude known regions with
low mapping quality, correct for the genomic wave and to
count the reads per bin. Binned data were further segmented
with the Allele-Specific Copy number Analysis of Tumours
algorithm (https://www.crick.ac.uk/peter-van-loo/software/ASCAT).
The library preparation, sequencing, and data analysis was
performed in the Laboratory of Translational Genetics, Depart-
ment of Human Genetics and Vesalius Research Center,
KU Leuven and Flemish Institute of Biotechnology (Vlaams
Instituut voor Biotechnologie).

Results
Patient characteristics and tumor engraftment

From September 2011 until May 2018, 188 clinical STS sam-
ples were obtained from consenting patients during routine
surgery or biopsy procedures and were transplanted into mice.
The samples were collected from 188 individual patients, with a
male-to-female ratio of 1.2 and a median age at diagnosis of
61 years (range 18–92). Eighty-three percent of the samples were
collected during surgical excision of tumor tissue, whereas the
remaining 17% were obtained in the context of a diagnostic
biopsy (needle, endoscopic or surgical biopsy, or cytology). The
donor tissue was most often collected from a primary tumor
(68%), followed by local recurrence (19%) or metastatic lesion
(13%). The transplanted tissue was resected or biopsied from
extremities in the majority of cases (47%), but also from the
abdominal compartment (24%), trunk (16%), pelvis (12%), or
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the head and neck region (1%). The most common STS subtypes
transplanted were dedifferentiated liposarcoma (DDLPS; 16%),
leiomyosarcoma (14%), myxofibrosarcoma (11%), myxoid lipo-
sarcoma (7%), atypical lipomatous tumor (5%), undifferentiated
pleomorphic sarcoma (5%), synovial sarcoma (4%), undifferen-
tiated sarcoma not otherwise specified (4%), malignant periph-
eral nerve sheath tumor (MPNST), solitary fibrous tumor (SFT),
undifferentiated spindle cell sarcoma, extraskeletal myxoid chon-
drosarcoma, and angiosarcoma (each 3%). The remaining sam-
ples were derived from a diverse group of (often ultrarare) STS
subtypes, andwere grouped together as "other". Characteristics of
donor patients and xenografted tissue and the corresponding
in vivo engraftment rates are summarized in Tables 1 and 2.

Seventy-seven of the 188 donor patients (41%) developed
metastases at any time during their course of disease (either
before or after the surgery/biopsy). We did not observe a
statistically significant difference in tumor engraftment rate of
samples collected from such patients in comparison with speci-
mens from individuals who did not develop metastases (40%
and 27%, respectively). However, patients whose tumor suc-
cessfully engrafted in mice had significantly poorer OS than
those whose tumor did not engraft, with a median OS of 77
months compared with 259 months (P ¼ 0.02; Fig. 1). Patients'
sex and age at diagnosis did not influence the engraftment of
tumors in our immunodeficient mice. Furthermore, no signif-
icant differences in success rate were observed between surgical
specimens and diagnostic biopsies or between primary tumors,

Table 1. Characteristics of donor patients and xenografted tissue (N¼ 188) with
the corresponding in vivo engraftment rate (%)

Characteristic Patients (n)
Successful
engraftment P

Sex
Male 104 (55%) 33% 0.876
Female 84 (45%) 32%

Age at diagnosis (years)
<60 99 (53%) 31% 0.757
�60 89 (47%) 34%

Origin of xenografted sample
Biopsy 52 (28%) 22% 0.215
Surgery 136 (72%) 34%
Primary tumor 129 (68%) 34% 0.707
Local relapse 35 (19%) 31%

Anatomic location of sample
Extremities 88 (47%) 36% 0.504
Abdomen 45 (24%) 29%
Trunk 31 (16%) 35%
Pelvis 22 (12%) 18%
Head and neck region 2 (1%) 50%
Metastatic lesion 24 (13%) 25%

Local relapse at any time during the course of disease
No 141 (75%) 33% 0.721
Yes 47 (25%) 30%

Metastatic disease at any time during the course of disease
No 111 (59%) 27% 0.059
Yes 77 (41%) 40%

Table 2. Histopathologic subtypes of xenografted tissue (N ¼ 188) with the corresponding in vivo engraftment rate (%) and number of established models

Histology of xenografted tissue Patients (n)
Successful
engraftment

Established
models (n)

Dedifferentiated liposarcoma 31 (16.49%) 32% 5
Leiomyosarcoma 27 (14.36%) 41% 5
Myxofibrosarcoma 21 (11.17%) 43% 7
Myxoid liposarcoma 13 (6.91%) 15% —

Atypical lipomatous tumor 10 (5.32%) 20% —

Undifferentiated pleomorphic sarcoma 9 (4.79%) 33% 3
Synovial sarcoma 8 (4.26%) 38% 1
Undifferentiated sarcoma, not otherwise specified 8 (4.26%) 25% 1
Malignant peripheral nerve sheath tumor 6 (3.19%) 67% 2
Solitary fibrous tumor 6 (3.19%) 17% —

Undifferentiated spindle cell sarcoma 6 (3.19%) 33% —

Angiosarcoma 5 (2.66%) 0% —

Extraskeletal myxoid chondrosarcoma 5 (2.66%) 100% —

Other rare subtypes: 33 (17.55%) 27% 8
Pleomorphic liposarcoma 4 —

Undifferentiated radiation-associated STS 3 —

Epithelioid sarcoma 3 —

Telangiectatic extraskeletal osteosarcoma 2 1
Inflammatory myofibroblastic tumor 2 —

Alveolar rhabdomyosarcoma 2 —

Chondrosarcoma 2 —

Pulmonary artery intimal sarcoma 2 1
CIC-rearranged round cell sarcoma 1 1
Dermatofibrosarcoma protuberans 1 —

Desmoplastic small round cell tumor 1 —

Epithelioid hemangioendothelioma 1 1
Ewing sarcoma 1 —

Low-grade fibromyxoid sarcoma 1 —

Mesenchymal chondrosarcoma 1 1
Pleomorphic rhabdomyosarcoma 1 1
Rhabdomyosarcoma, not otherwise specified 1 1
Sclerosing epithelioid fibrosarcoma 1 —

Myxoinflammatory fibroblastic sarcoma 1 1
Well-differentiated spindle cell liposarcoma 1 —

Sarcoma ex teratoma 1 —

Mouse Xenograft Models of Soft-tissue Sarcoma
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recurrent tumors, and metastatic lesions. Anatomic location or
histologic subtype of the transplanted tissue also did not have
an impact on the engraftment rate. There was no difference in
engraftment success between patients who had a local relapse
throughout the course of their disease and those who did not
develop recurrent disease (Table 1).

Panel of PDX models of STS (XenoSarc)
In total, we have established 32 PDX models, including seven

models of myxofibrosarcoma, five DDLPS, five leiomyosarcoma,
three undifferentiated pleomorphic sarcoma, two MPNST mod-
els, and single models of synovial sarcoma, epithelioid heman-
gioendothelioma, pleomorphic rhabdomyosarcoma, pulmonary
artery intimal sarcoma,mesenchymal chondrosarcoma,CIC-rear-
ranged round cell sarcoma, myxoinflammatory fibroblastic sar-
coma, rhabdomyosarcoma not otherwise specified, telangiectatic
extraskeletal osteosarcoma, and undifferentiated sarcoma not
otherwise specified (Table 2). A detailed overview of the estab-
lished PDX models, including current passage, growth rate, his-
tologic and molecular features, and treatment history of the
donor patient, can be found in Supplementary Table S1. Addi-
tional 17 models are currently in early stages of engraftment
(passage 1 and 2).

Human origin of the ex-mouse STS tumor tissue was confirmed
by positive HLA-A immunostaining. Comparison of the H&E-
stained patient material and the corresponding PDX models

showed similarmorphology, which remained preserved through-
out passaging. Figure 2 shows representative H&E images of
donor tissue and the last available passage of the corresponding
STS PDX model. In addition, xenografted and original patient
tumors showed similar patterns of expression of characteristic
IHC markers (Fig. 3; Supplementary Table S1).

For STS subtypes that are characterized by a specific molecular
marker the presence of the according genetic hallmark was con-
firmed in the PDX model using FISH (Supplementary Table S1).
In all DDLPS models (UZLX-STS3, -STS5, -STS112, -STS124, and
-STS158),MDM2 (12q15) amplification was present throughout
passages (Fig. 4A and B). Specific translocations were confirmed
using a split-apart approach of SS18 in the UZLX-STS7 synovial
sarcoma model (Fig. 4C), CAMTA1 in the UZLX-STS15 epitheli-
oid hemangioendothelioma model (Fig. 4D) and CIC rearrange-
ment in the UZLX-STS134 CIC-rearranged round cell sarcoma
model (Fig. 4E). Fusion between HEY1-NCOA2 was confirmed
in the UZLX-STS41 mesenchymal chondrosarcoma PDX model
(Fig. 4F).

Genomic profiles obtained through low coverage WGS,
describing copy number gains and losses in different passages
from the same PDX model, were compared. Paired xenografted
material was available from 17 of 32 STS PDX models; genomic
profiling data from original patient material was available from
the MPNST model UZLX-STS39 and from the mesenchymal
chondrosarcoma model UZLX-STS41. Although most profiles
were very complex, we observed stable copy-number profiles
throughout passaging as exemplified in Supplementary Fig. S1.
DNA sequencing data have been deposited in the ArrayExpress
database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under acces-
sion number E-MTAB-7826.

From several established models, we used ex-mouse material
that had been cryopreserved over a period of at least 6 months to
re-engraft in mice. We were able to reintroduce 25 of 27 PDX
models from which material was stored in liquid nitrogen for
at least 6 months. The corresponding PDX models were success-
fully regrown in mice, except for the leiomyosarcoma model
UZLX-STS81 and the undifferentiated pleomorphic sarcoma
model UZLX-STS104. After these experiments, 11 of fast-growing
PDX models were temporarily discontinued in mice after collec-
tion of sufficient cryopreserved PDX material (Supplementary
Table S1). All other models are continuously kept in animals.

Validation of bilateral PDX engraftment
The XenoSarc panel of STS xenografts is characterized by stable

histologic and molecular features, reflecting the phenotype and
genotype of the original patient samples, and is therefore well
suited for in vivo drug testing of innovative agents. To test the
hypothesis that two tumors, engraftedon the left and rightflankof
themouse, can be considered as independent events, the ICCwas
quantified, using data obtained previously (i.e., tumor volume,
mitotic and apoptotic activity; ref. 24). In eight of nine analyses,
calculated ICC values were below 0.4, suggesting a poor correla-
tion between left and right tumors from a single animal. This
implies that data simplification, by ignoring the correlation
between two tumors from the samemouse, will have a negligible
impact on the statistical analyses and the drawn conclusions.
Therefore, we decided to consider two tumors from the same
animal as independent events. ICCs for tumor volume and
mitotic and apoptotic activity of the three studied datasets are
shown in Supplementary Table S2. These results ensure that the

Figure 1.

Survival according to engraftment or establishment of PDXmodel. Survival of
patients according to successful engraftment of donor tissue (A) and
successful model establishment in NMRI-nu/nu–immunodeficient mice (B).
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approach to engraft tumors bilaterally produces reliable results
while the number of mice required for the experiment is reduced.

Discussion
Over a period of 93 months, we were able to collect and

transplant material from 188 patients with STS, which resulted

in the establishment of 32 well-characterized PDX models
(XenoSarc platform). This work was based on our xenograft
expertise built between 2004 and 2010, a period during which
we established a number of mouse models from gastrointestinal
stromal tumor, the most common STS of the gastrointestinal
tract (26–28). Our current expanded platform covers models
from diverse STS subtypes including some ultrarare entities, all

Figure 2.

PDXmaintain the histological
features of the original donor tumor
throughout passaging.
Representative images of H&E-
stained sections of donor tumors
and the last available passage of
the corresponding STS PDXmodel
(n¼ 24). Images were captured
under 200-fold magnification.
UZLX-STS41 was not included, as
paraffin-embedded patient material
from this model was not available.
p., passage.
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Figure 3.

Xenografted and original patient tumors
show similar patterns of expression of
characteristic IHC markers. Examples of
representative immunostainings of
original patient tissue and different
passages of the corresponding PDX
model, showing stable IHC profile
throughout passaging. Images were
captured under 200-fold magnification.
p., passage.
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replicating the histologic and molecular features of the donor
tissue and maintaining the characteristics throughout passaging.
Although copy-number alterations have been reported to
accumulate rapidly in PDX (29), copy-number profiles in
our PDX models were, although sometimes complex, highly
stable throughout passaging, which is a very reassuring finding
in our series.

To our knowledge, the established STS PDX platform repre-
sents the largest and most diverse collection of STS PDXmodels
established by a noncommercial institution till date. Previous-
ly, other groups had established stable PDX models of myxoid

liposarcoma (n¼ 7), uterine leiomyosarcoma (n¼ 10), MPNST
(n ¼ 5), SFT (n ¼ 2), undifferentiated pleomorphic sarcoma
(n ¼ 1), alveolar rhabdomyosarcoma (n ¼ 1), embryonal
rhabdomyosarcoma (n ¼ 1), and CIC-DUX4 sarcoma (n ¼ 1;
refs. 30–36). However, this is the first report on the establish-
ment of several other STS PDX subtypes using identical meth-
odology and infrastructure, including some common subtypes
such as myxofibrosarcoma and synovial sarcoma, but also
some ultrarare entities such as epithelioid hemangioendothe-
lioma, pulmonary artery intimal sarcoma, and mesenchymal
chondrosarcoma. Of note, these models are accompanied by

Figure 4.

Subtype-specific genetic changes
are preserved in PDXmodels. FISH
analysis showingMDM2
amplification in UZLX-STS5p.12 (A)
andMDM2 amplification in UZLX-
STS112p.4 [B; for both, dual-color
FISH probe set, targetingMDM2
(red) and CEP12 (green)], SS18
rearrangement in UZLX-STS7p.1
[dual-color FISH probe set,
targeting distal (green) and
proximal (red) region to SS18; C],
CAMTA1 rearrangement in UZLX-
STS15p.10 [dual-color FISH probe
set, targeting distal (green) and
proximal (red) region to CAMTA1;
D], CIC-unbalanced rearrangement
in UZLX-STS134p.2 [dual-color FISH
probe set, targeting distal (green)
and proximal (red) region to CIC; E],
and HEY1-NCOA2 fusion in UZLX-
STS41p.12 [dual-color FISH probe
set, targeting HEY1 (red) and
NCOA2 (green) regions; F]. Dashed
arrows show split signals, full
arrows show fusion signals. p.,
passage.
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extensive clinical annotation (LECTOR database) and patients'
samples, including tumor material and blood samples from
donor patients.

A total of 188 fresh, surgically resected or biopsied tumor
samples from consenting patients with localized or advanced STS
were transplanted in mice, with leiomyosarcoma and DDLPS
being the most common STS subtypes in our patient cohort.
These STS subtypes were also identified as the most prevalent
subtypes in a large population-based study including 1,463
patients with STS (37), underlining the representativeness of our
patients diagnosed and treated in University Hospitals Leuven
(Leuven, Belgium) and participating in the voluntary donation of
tissue for research purposes. With 61 of 188 samples successfully
growing in mice, the overall tumor engraftment rate was 32%. In
the literature, engraftment success rates up to 76% have been
reported when generating subcutaneous PDX models derived
from patients with advanced STS (38). Several factors might
explain the lower engraftment rate observed in our study. First,
the STS samples transplanted in this study were derived from a
mixed patient population, including patients with both localized
and advanced disease. We, however, did not observe a signifi-
cantly higher engraftment rate when transplanting samples from
patients who developed metastatic disease compared with those
with localized disease (40% vs. 27%, respectively). We also did
not observe higher engraftment rate either when transplanting
metastatic lesions. However, metastatic lesions weremostly biop-
sied and not resected, and the smaller volume of tumor tissue
obtained through biopsy is known to reduce the chance of
successful engraftment (39). When considering the reported
engraftment rate, other methodologic aspects also have to be
taken into account. To limit the number of mice, we transplanted
the human-derived tissue to a single mouse (passage 0), whereas
other groups transplanted the patient material to a group ofmice,
hereby increasing the changes to successful engraftment. More-
over, as high-grade STS tumors are often characterized by exten-
sive necrosis (40), the transplantation of a single, small tumor
piece increases the possibility for sampling error and transplan-
tation of necrotic tissue, which will not engraft. In addition, more
severely immunosuppressedmouse strains such as SCIDmice are
assumed to be better suited for xenoengraftment, although this
was not confirmed in a recently published study that established
uterine sarcoma and carcinosarcoma PDXmodels (31), and using
SCID mice requires a more advanced animalium set up and
increases the cost of the establishment and maintenance of such
PDX platform.

Recently, there has been some controversy concerning the
genomic stability of PDX models. Ben-David and colleagues
studied the copy-number profile of 543 PDX models across
different tumor types, including 45 STS PDX models. They iden-
tified rapid accumulation of copy-number alterations during
passaging (29). These results are in contrast with various previ-
ously published reports, in which a remarkable concordance was
shown between the copy-number alterations of the donor
tissue and the corresponding PDX model (41), which was also
confirmed in our study. Several reasons might explain this dis-
crepancy. First, PDX models might carry the genomic rearrange-
ment intrinsic to tumor progression. Thiswas suggested by a study
of Ding and colleagues, in which a basal-like breast cancer PDX
model displayed amutation enrichment thatwas also observed in
brainmetastases derived from the same patient (42). A studywith
sarcoma PDXmodels also showed thatmany of the copy-number

alterations observed in the models were frequently observed in
patients with sarcoma (43). Moreover, the difference in expres-
sion profile is thought to be partly a result of the loss of human
stroma in PDX models throughout passaging. In this respect, the
higher frequency of copy-number alterations throughout passag-
ing can be explained by the increasing tumor DNA purity in the
PDXmodel, avoiding cross-contamination by normalDNAof the
human stroma (41). Furthermore, orthotopic instead of subcu-
taneous xenografting of tumor tissue has been shown to more
reliably mimic the biology of the human tumor because of the
maintenance of the original tumormicroenvironment and organ-
specific pathophysiology (44). However, subcutaneous implan-
tation of tumor tissuemightmore closely resemble the orthotopic
tissue environment in STS compared with epithelial-derived
carcinomas. In our analysis, copy-number profiles of PDXmodels
were, although sometimes complex, highly stable throughout
passaging, confirming the fidelity of PDX models for preclinical
cancer research. However, being aware of the genotypic changes
that tumors can undergo throughout passaging, it is highly
recommended to perform genomic profiling of the PDX samples
with every 1–2 passages.

All the established PDX STS models are available for bio-
logical studies, preclinical compound testing, and other rele-
vant experiments. Most models are kept in vivo through con-
secutive passaging, although some fast-growing models have
been cryopreserved to reduce the number of animals needed
over time. We confirmed successful re-engraftment of the
cryopreserved tissue from all these PDX models in mice. The
concept of cryopreservation for storage of PDX models and
subsequently thawing and reimplanting of tumor tissue is an
established method for efficient PDX biobanking (45), but a
relatively new experience for our laboratory.

Apart from histologic characterization, we performed RNA
sequencing on the established PDX models to identify genetic
alterations in cancer-related genes and we have constructed tissue
microarrays of the available PDX models, enabling the rapid
screening of specific markers of interest throughout the different
PDX models. In conclusion, the detailed characterization of the
PDX models, reflecting the phenotype and genotype of the orig-
inal patient samples, facilitates the rational selection of appro-
priate PDXmodels for future drug experiments. This experimental
approach could reduce the high failure rate observed in early
clinical trials in STS, which are mainly purely empirical clinical
trials, without preselecting the experimental drug or the patient
cohort based on biological or molecular grounds. The availability
of PDX models of some unique, ultrarare entities allows us to
study the biology of these orphan diseases and subsequently test
biology-driven therapies in these unique PDXmodels. The utility
of PDX models as a preclinical platform for assessment of drug
efficacy was recently confirmed by a comprehensive study of
Izumchenko and colleagues, showing a significant association
between drug responses in patients and their corresponding PDX
models in 112 of the 129 investigated cases (46). Some of our
established PDXmodels have already been successfully used for in
vivo testing of novel agents including TKIs and cytotoxic pro-
drugs (24, 47). Over the course of time we aim to perform
multiple additional preclinical efficacy studies using our PDX
platform. The models are also accessible for collaborative studies
with academic or commercial partners. Hopefully, the results
obtained from this preclinical research will enable the sarcoma
research community to prioritize suitable treatment strategies to
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be tested in clinical trials, with the ultimate goal to improve
patient care in the field of STS.
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