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Abstract: Patient-derived tumor xenografts (PDTX) generally represent a kind of more reliable model of human
disease, by which a potential drugs’ preclinical efficacy could be evaluated. To date, no stable gastrointestinal stro-
mal tumor (GIST) PDTX models have been reported. In this study, we aimed to establish stable GIST PDTX models
and to evaluate whether these models accurately reflected the histological feature of the corresponding patient
tumors and create a reliable GIST PDTX models for our future experiment. By engrafting fresh patient GIST tissues
into immune-compromised mice (BALB/c athymic mice), 4 PDTX models were established. Histological features
were assessed by a qualified pathologist based on H&E staining, CD117 and DOG-1. We also conduct whole exome
sequencing(WES) for the 4 established GIST PDTX models to test if the model still harbored the same mutation de-
tected in corresponding patient tumors and get a more intensive vision for the genetic profile of the models we have
established, which will help a lot for our future experiment. To explore the tumorigenesis mechanism for GIST, we
also have a statistical analysis for the genes detected as nonsynchronous-mutated simultaneously in 4 samples. All
4 GIST PDTX models retained the histological features of the corresponding human tumors, with original morphology
type and positive stains for CD117 and DOG-1. Between the GIST PDTX models and their parental tumors, a same
mutation site was detected, which confirmed the genetic consistency. The stability of molecular profiles observed
within the GIST PDTX models provides confidence in the utility and translational significance of these models for in
vivo testing of personalized therapies. To date, we conducted the first study to successfully establish a GIST PDTX
model whose genetic profiles were revealed by whole exome sequencing. Our experience could be of great use.
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Introduction

Gastrointestinal stromal tumor (GIST) is the
most common mesenchymal tumor of the ali-
mentary canal with a morbidity of 12-20
patients per million annually [1]. Compared
with other solid tumors, etiology of GIST is well
characterized. More than 80% cases were
caused by mutation of c-KIT and PDGFRA.
Though recognized as the central event of
development of GIST, mutations of c¢-KIT and
PDGFRA were still not enough to explain the
whole group because less than 20% cases are
detected no mutation in either c-KIT or PDGFRA.
This subgroup is called wild type GISTs (WT
GISTs) [2].

Imatinib, a small molecule inhibitor of tyrosine
kinases for c-KIT and BCR-ABL, have been rec-
ognized as the first-line drug for unresectable
and resectable high-risk GIST patients [3]. The
introduction of Imatinib in the treatment of GIST
has revolutionized the result of GIST patients.
More than 80% patients with metastatic or
unresectable GIST treated with imatinib
achieved a partial response or stable disease
[4]. GIST has been the paradigm for the treat-
ment of solid tumors. Despite the great suc-
cess it achieved, Imatinib is rarely curative.
GIST patients who were initially sensitive to the
treatment of Imatinib could develop drug resis-
tance in 2 years [5, 6]. Among the secondary
resistant group, nearly 50% cases could be
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attributed to the development of another ¢c-KIT
mutation. It has also been reported that some
patients develop Imatinib resistance for c-KIT
overexpression and amplification [7]. GIST
patients who harbor PDGFRA D842 or BRAF
mutation are primary resistant to Imatinib [8].
Most of the mechanism had not been com-
pletely elucidated. Sunitinib is the second-line
drug for GIST. For GIST patients who develop
secondary resistance, Sunitinib could be the
best choice. However, its efficacy is limited,
leaving GIST patients without an alternative
approved treatment option [8]. It is urgent need
to develop new more effective drug for GIST.

In the drug testing procedure, the most com-
monly cited reasons for high failure rate of new
antineoplastic agents is the lack of representa-
tive preclinical models which include the whole
gene expression profile in patients [9].
Nowadays, standard cell line derived xeno-
grafts and patient-derived tumor xenograft
(PDTX) were most frequently used in the study
of GIST [10-13]. Standard cell line derived xeno-
grafts models are constructed by injecting the
tumor cells to immune deficiency mice subcuta-
neously. The tumor cells are easily obtained
and tumor cells could undergo genetic modifi-
cation during the cell line’s in-vitro culture [14].
However, the model is not enough when it
comes to the test of new drug for GIST because
various sites of mutations in GIST could not be
represented by a single cell line. PDTX models
are established by directly engrafting fresh
human tumor tissues into immune deficient
mice. PDTX models are preferred in the study of
anticancer efficacy of antineoplastic agents,
which inherit the complexity and biological
characteristic of the original human tumors
[15]. Previous study has firmly confirmed that
PDTX model can faithfully represent the biology
characteristics under the genome level.

Though the feasibility has been verified in the
study of GIST [10-13], the expression profile of
the model has not been elucidated in any of the
studies before. Whole exons sequencing (WES)
is a newly emerging technology developed to
detect exon mutations in cells, tissues, organs
[16]. Not only could the technology be applied
to produce molecular fingerprints of disease
processes and predict new potential targets for
drug discovery, but also to quantify the gene
expression profiles for comparison of original
tumors and PDTX tumors [16]. WES has been
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applied in many studies before. loannis con-
cocts WES in a spindle cell sarcoma and dis-
cover several fusion genes characterized by
rearrangements of chromosome arm 12q and
MDM2 amplification [17]. Kimbung identified
liver metastasis-selective genes of breast can-
cer and revealed the adverse outcome was
associated with the Extracellular matrix (stro-
mal) genes by WES [18]. WES was also applied
by Ho to reveal significantly dysregulated genes
and signaling pathways in hepatocellular carci-
noma [19].

In this study, we create four groups of GIST
PDTX models which represent different clinical
response to imatinib treatment. For the first
time, WES was conducted to explore the expres-
sion profile of GIST PDTX models. By doing so,
we could not only have a more intensive under-
standing of the model which would enable our
future experiment, but primarily explore the
associated pathway in the development of
GISTs by conducting a statistical analysis for
the data collected from the WES for the four
GIST PDTX models.

Materials and methods

This study protocol was approved by the Ethical
Committee of Zhongshan Hospital. After
informed consent, tissue samples were
obtained from the patient and PDTX models.

PDX establishment

In compliance with the protocol approved by
the Institutional Review Board and with the
subject’s informed consent, a fragment of sur-
gically resected tumor tissue was used for
xenotransplantation to establish PDTX models
as described earlier [20]. Briefly, patient sam-
ples (designated as PA) were implanted subcu-
taneously in 6- to 8-week old female BALB/c
athymic mice (Shanghai SLAC Laboratory
Animal Co., Ltd., Shanghai). Once the first gen-
eration of xenografts (designed as PO) was
established serial implantations were per-
formed to expand the xenograft tumors (i.e. P1
and beyond). Tumor was measured using a digi-
tal caliper (Cal Pro, Sylvac, Switzerland). Tumor
volume was calculated as 0.5 x length x width?.
Tumor fragments (~200 mm?3) at each passage
were viably frozen in a freezing solution (10%
DMSO, 20% FBS, and 70% RPMI 1640 medi-
um) and stored in liquid nitrogen for future re-
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implantation. Additional fragments were either
snap-frozen in liquid nitrogen, or fixed for histol-
ogy. All procedures and protocols were
approved by the Institutional Animal Care and
Use Committee of Zhongshan Hospital.

Immunohistochemistry (IHC)

Five um thick formalin-fixed paraffin-embedded
sections were immunostained for CD-117 and
DOG-1. Briefly, after de-paraffinization and anti-
gen retrieval, the slides were incubated with
CD117 antibody (1:200, ab5506, Abcam),
DOG-1 antibody (1:200, ab111160, Abcam)
overnight at 4°C. The slides were then washed
and detected with REAL™ EnVision™ Detec-
tion System, Peroxidase/DAB+, Rabbit/Mouse
(DAKO, #K5007).

Tissue processing for genomic studies

Genomic DNA was isolated using a QlAamp
DNA mini kit (Qiagen). The expression was
quantified using NanoDrop ND-1000 spectro-
photometer (NanoDrop, Wilmington, DE). DNA
samples with A . .., ratios between 1.8 and
2.0and A, ., ratios above 2.0 and proven to
be high quality by gel electrophoresis were

used for WES and SNP 6.0 array analyses.

Whole exome sequencing

One microgram of each DNA sample isolated
from P3 xenograft tumors was used for library
construction using a TruSeq DNA sample prep-
aration kit (lllumina, San Diego, CA). Libraries
were pooled (500 ng each) for exome capture
using the TruSeq Exome Enrichment kit
(llumina). Sequencing was then performed
with paired-end 2 x 100 base reads on the
lllumina HiSeq 2000 platform (lllumina). Raw
FASTQ files were first processed by a proprie-
tary algorithm to filter out mouse sequence
contaminations. We have shown that this filter
step does not affect the human SNP detection
[21, 22]. After mouse sequence removed, data
was aligned to human reference genome hg19/
GRCh37 by BWA 0.6.1 and processed to vari-
ants calling by GATK 1.6.

Statistical analysis-

Mutated genes associated with cancer behav-
iors, no matter synchronous or non-synchro-
nous, were selected from the data derived from
the WES (Supplemental 1). To make a full use
of the data, we select the 30 nonsynchronous-
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mutated genes existed simultaneously in 4
samples to conduct GO and Pathway analysis
The details were listed below.

GO analysis: GO analysis was applied to ana-
lyze the main function of the differential expres-
sion genes according to the Gene Ontology
which is the Wey functional classification of
NCBI [23]. Generally, Fisher’'s exact test and ¢?
test were used to classify the GO category, and
the false discovery rate (FDR) was calculated to
correct the P-value, the smaller the FDR, the
small the error in judging the P-value [24]. The
FDR was defined as FDR = l-NK/T, where NK
refers to the number of Fisher’s test P-values
less than X? test P-values. We computed
P-values for the GOs of all the differential
genes. Enrichment provides a measure of the
significance of the function: as the enrichment
increases, the corresponding function is more
specific, which helps us to find those GOs with
more concrete function description in the
experiment. Within the significant category, the
enrichment Re was given by: Re = (n/n)/(N/N),
where n_is the number of differential genes
within the particular category, n is the total
number of genes within the same category, N,
is the number of differential genes in the entire
experimental data, and N is the total number of
genes in the experimental data. The positive
criteria is Log2FC > 1 or Log2FC < -1, FDR <
0.05 and P value < 0.05.

Pathway analysis: Similarly, pathway analysis
was used to find out the significant pathway of
the differential genes according to KEGG,
Biocarta and Reactome [25-27]. Still, we turn to
the Fisher’s exact test and X? test to select the
significant pathway, and the threshold of signifi-
cance was defined by P-value and FDR. The sig-
nificant pathway was identified by P-value <
0.05 and FDR < 0.05. The enrichment was cal-
culated like the equation above. [26, 28, 29]
The positive criteria is Log2FC > 1 or Log2FC <
-1, FDR < 0.05 and P value < 0.05.

Results
PDTX model establishment

Original tumors were obtained from the GIST
patients who underwent surgeries in our
department in 2014. To make sure the success
rate we get are repeatable, we choose a skillful
researcher to conduct all the procedure, includ-
ing the coverage and implantation. Among the
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Figure 1. Growth curve for 4 GIST PDTX samples. GIST tumor tissues continued growth after implantation into
BALB/c athymic mice and were passageable for more than three passages (P2, P3). The time required for the tumor
becoming acquirable in P1, P2 and P3 was highly heterogeneous, ranging from 77 to 211 days. A-D. Indicate the
period of cultivation process for GIST1, GIST2, GIST3 and GIST4, respectively.

4 human GIST tissue engrafted mouse models,
patient tumors grew up in 4 mouse models (PO)
within three months post implantation. Further-
more, P1 tumor tissues continued growth after
implantation into BALB/c athymic mice and
were able to grow for more than three passages
(P2, P3). The time required for the tumor
becoming acquirable in P1, P2 and P3 was
highly heterogeneous, ranging from 77 to 211
days (Figure 1). The final success rate for the
procedure is 24 percent (4/17).

To evaluate the potential impact of clinicopath-
ological parameters of GIST patient on PDTX
model establishment success rate, we com-
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pared patients’ clinical parameters by dividing
the GIST patient tumors into ‘Established
model’ and ‘Failed model’ groups as listed in
Table 1. Statistical analysis revealed that the
success rate of model establishment was inde-
pendent of most patients’ pathological param-
eters such as gender, age, tumor diameter,
mitotic index, occurring position or mutation
site. However, models were more likely to be
successfully established if derived from recur-
rent patients.

PDTX model stability

Histological assessment for H&E staining,
CD117 and DOG-1 was performed by patholo-
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Table 1. Clinical characteristics of 17 primary GISTs patients

3-kinase activity and

Establish- Failed

protein kinase activity

Parameter ed model Model P-value* in  molecular func-
Gender Male 3 6 059 tion (MF), ~ chromo-
Female 1 7 some passenger com-
Age > 59 o 5 0.26 plgx, aplndle_and pro-
<59 4 s tein complexin cellular
component (CC). Path-
Diameter (cm) <10 2 7 1.00 way terms include
>10 2 6 transcriptional misreg-
Mitotic index (HPF) <5 1 8 0.29 ulation, non-small cell
>5 3 5 lung cancer and colo-
Position Gastrointestinal tract 1 8 0.29 rectal cancer (Figure
Outside the gastrointestinal tract 3 5 3, Supplemental 2).
Mutation c-KIT 11 exon 1 8 0.29 Discussion
Non-c-KIT 11 exon 3 5

Sample Primary 1 12 0.02 The application  of
Recurrence 3 1 PDTX models has ac-

p-value*: Fisher exact test.

gist for all 4 GIST patient tumors and corre-
sponding established PDTX models (P3). The
original tumors and corresponding established
PDTX models (P3) were highly consistent, with
4 GIST patient tumors and corresponding
established PDTX models were all diagnosed
as epithelial cell and spindle cells mix type.
Though different expression level of CD117
and DOG-1 exist between original tumors and
corresponding PDTX models, CD117 and DOG-1
were all detected positive in established PDTX
models, confirming the diagnosis of GIST in
PDTX models (Figure 2). The mutation in c-KIT
or PDGFRA for PDTX models, which had been
revealed by WES, was completely consistent
with the mutation detected in the patients
(Supplemental 1). All the results indicate that
our PDTX models perfectly maintained the
same histological and genetic features as their
parental human tumors.

Statistical analysis

To characterize the gene profiles of GIST and
further explore the tumorgenesis mechanism,
we conducted GO and Pathway analysis based
on the 30 nonsynchronous-mutated genes
existed simultaneously in 4 samples. The GO
terms considered as most important for GIST
include lymphocyte differentiation, embryonic
organ development and histone-serine phos-
phorylation in biological process (BP), histone
serine kinase activity, 1-phosphatidylinositol-
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celerated the develop-
ment of new anti-can-
cer drugs. The estab-
lishment of PDTX models enables new drugs to
be tested in different cancer simultaneously.
Also, the concept of using PDTX models could
protect patients who undergo new anti-cancer
drug test from the potential toxicity [30].
Despite all the advantage PDTX models pro-
vide, questions still exists, especially for the
stability of the models.

Regarding the stability of PDTX models, the
most important question is whether the pro-
cess of engraftment and expansion alters the
genetic features of the tumors. Genetic studies
have revealed that PDTX models maintain the
key genes and global pathway activity in origi-
nal tumors [15, 31, 32]. For example, in gastric
cancer PDTX models, H&E staining and
Genomic comparison was performed for sever-
al biomarkers including ERBB1, ERBB2, ERBB3,
FGFR2, MET and PTEN. The results were proved
highly consistent between the PDTX models
and original tumors [15]. In non-small-cell lung
cancer (NSCLC) PDTX models, unsupervised
hierarchical clustering of genome-wide gene-
expression profiles demonstrated that nine of
the 17 original tumors clustered directly with
the derived PDTX models, with correlation coef-
ficients ranging from 0.78 to 0.95. Besides, 10
of the 17 primary-PDTX tumor pairs exhibited
correlation coefficients > 0.90 indicating a high
degree of similarity between the primary can-
cer and the corresponding PDTX model [32]. In
pancreatic cancer PDTX models, KRAS muta-
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GIST-1 GIST-1  GIST-2
P3 PATIENT  p3

GIST-2  GIST-3

GIST-3 GIST-4 GIST4

PATENT  p3 PATIENT  p3 PATIENT

Figure 2. H&E and IHC for GIST PDTX models and corresponding patient tumors. The corresponding established
PDTX models (P3) and original tumors were highly consistent, with 4 GIST patient tumors and corresponding estab-
lished PDTX models all diagnosed as epithelial cell and spindle cells mix type. CD117 and DOG-1 were all detected
positive in established PDTX models. The expression level of PDTX models (P3) and original tumors were not all

consistent.

tion and SMAD4 expression status were found
to be concordant for PDTX models and original
tumors [31]. Previous studies inspire that PDTX
model can fully represent the biological charac-
teristics of the original tumors.

In our study, results of IHC were highly consis-
tentin 4 GIST PDTX model samples, with CD117
and DOG-1 all positive. However, expression
level were not all consistent between original
tumors and PDTX models. Considering the
quantity of our samples was small, it is difficult
to predict whether the variation of expression
level in that 4 sample was associated with the
different mutation site. The possibility need fur-
ther study to elaborate.

In our experiences, the establishment process
of GIST PDTX models was relatively difficult for
the low success rate of tumor implantation and
long period of cultivation. Until now, seldom has
a study been reported for successfully building
a reliable PDTX model. The only study of the
GIST PDTX models was reported by Jason [10].
It is the also the first orthotopic GIST PDTX
models reported. Our models were different
because the sites we choose for implantation
were all subcutaneous. Because of the more
complex procedure in building an orthotopic
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model. Our experiences could be of greater
value for the majority.

Most of the previous studies have only reported
the establishment process of the PDTX models
and the test of a new drug. To have a further
insight of the PDTX model, we believe that the
gene profile of the model should be fully tested.
The results of WES could not only inspire us to
apply or develop anti-cancer drug for GISTs, but
conduct a statistical analysis for find in differ-
ent subgroups of GISTs. Though only 4 sample
were included in the statistical analysis, we still
believed the process was of potential use for
wild type, IM-sensitive and IM-resistant GIST
were included in our study. The result of GO and
Pathway analysis for the common aberration
genes indicated that proteins associated with
lymphocyte differentiation, histone serine
kinase activity and chromosome passenger
complex and transcriptional misregulation
pathway should be shed more light on, which
lead new directions for our future experiment.
After reviewing the previous studies, we find us
to be the first to apply WES in the GIST PDTX
models, and also the first to study the tumor-
genesis mechanism of GIST by conducting GO
and PATHWAY analysis for common aberrant
genes in different GISTs subgroups.
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Figure 3. GO and Pathway analysis based on the 30 nonsynchronous-mutated genes existed simultaneously in 4

samples.

The function of the aberrant genes detected in
our study has been confirmed to be associated
with the biological behaviors of GISTs by previ-
ous studies. Some of the proteins expressed by
corresponding aberrant genes are proved to be
the central event of tumor survival and some
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could be less important. Of all the aberrant
genes we detect, ZNF has been a promising tar-
get because several studies has revealed the
crucial role ZNF-overexpression played in the
development of imatinib resistance for GIST.
The first study was conducted by Rink from Fox
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Chase Cancer Center, Philadelphia, Pennsy-
Ivania, United States of America [33]. The stud-
ies indicated the genes associated with ZNF
were highly specific to IM and another tyrosine
kinase inhibitor (TKI), sunitinib, in GIST cells.
They further conducted an RNAi approaches
targeting the associated genes in GIST cells
and find it becoming more sensitive to imatinib
treatment. Also, overexpression of ZNF have
been proved as predictors of poor response to
imatinib treatment [34]. In our results, ZNF
mutations are detected mutated in all 4 speci-
mens. ETV1 was also a promising target for the
treatment of GISTs. Several studies have con-
firmed the central role it plays in the develop-
ment of GISTs [35-38]. Chi utilized three expres-
sion datasets to search for GIST specific genes
that might provide new molecular insights,
finally choosing ETV1 as the most promising
one. They further studied the protein under the
level of mouse models, GIST tissues and GIST
cell lines which come to an impressed conclu-
sion that abnormal expression of EVT1 could
be the central event of GISTs [38]. Following the
previous studies, the researchers published
their new studies discovering that destabilizing
ETV1 by inhibition of MAP kinase and KIT sig-
naling could suppress GIST tumor growth [35].
Our results yet indicated that ETV1 mutations
only exist in 3 specimens harboring ¢-KIT and
PDGFRA mutation, not in WT specimen. It may
indicate that the tumorigenesis mechanism of
WT GISTs is different from GISTs with c-KIT and
PDGFRA mutation. TET1 has been the hotspot
in the study of WT GISTs because global epig-
enomic divergence has been discovered
between GISTs with c-KIT and PDGFRA muta-
tion and WT GISTs. TET1 has been considered
to be the core of the theory [39, 40]. TET1
mutations were also detected in 4 specimens.
Despite the specimens volume of our study was
small, the previous studies we mentioned
proved the data we collected were valuable and
worth further study.

Of all the aberrant genes detected, SDH muta-
tion has attracted our supreme attention.
Succinate dehydrogenase (SDH), also known as
complex Il, is an essential part of the Krebs
cycle. Located on the inner membrane of mito-
chondria, SDH can not only catalyze conversion
of succinate to fumarate, but also plays a role
in the electron transport chain. Over the last 15
years, many tumor syndromes associated with
SDH and accessory factor gene mutations have
been identified, which include renal cell carci-
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nomas (RCCs), wild type (WT) gastrointestinal
stromal tumors (GISTs) and hereditary paragan-
gliomas/pheochromocytomas [41]. SDH has
been widely linked with the WT GISTs because
lots of WT GISTs are detected with SDH gene
mutation [42]. However, it is still not revealed
whether the phenomenon is identical in GISTs
harboring c¢-KIT and PDGFRA mutation.
According to our results of the whole exons
sequencing, we discover that 3 GISTs speci-
mens with c-KIT mutation are harboring a
SDHD mutation respectively. The results were
inspiring because we give a primary impression
that GISTs with c-KIT and PDGFRA mutation
could also be SDH-deficient. Besides, existing
data has always approved that SDHA mutation
was most frequently seen in WT GISTs, which is
consistent with the testing result of our WT
GISTs specimen detected with a synchronous
SDHA mutation. However, based on the SDHD
mutation we detected in the 3 GISTs specimens
with ¢-KIT mutation, we have to reconsider the
belief we hold and expand the number of sam-
ples to further test the results.

The reason we shed so much light on SDH is
that we believe it could be a new target for GIST
treatment. By reviewing the previous studies,
we find a chain of evidence that could support
the hypotheses. As previous described, most of
WT GISTs are SDH-deficient. In additions, they
are not sensitive to treatment with a tyrosine
kinase inhibitor, whether the first-line inhibitor
imatinib or the second-line multikinase inhibi-
tor sunitinib [43]. It inspired us to study the pos-
sible link between the two phenomenons. After
review of the literature, we come up with our
hypotheses. When SDH is inhibited in cells,
succinate will accumulate, which will lead to a
high concentration of succinate in the cyto-
plasm. A high concentration of succinate inhib-
its degradation of HIF-1a, which leads to HIF-1a
overexpression and HIF translocation into
nuclei [41]. The HIF-1 complex can bind to
hypoxia response element regions and pro-
mote the expression of specific genes, such as
NIX and Bnip3, leading to autophagy. It has also
been proved that HIF-1a can induce endoplas-
mic reticulum stress, which will also cause
autophagy [44]. Autophagy is involved in the
development of imatinib resistance of gastroin-
testinal stromal tumors [45]. The chain of evi-
dence has made us believe that SDH dys-
function can play an important role in the
development of imatinib resistance for WT
GISTs. Besides. we recently reported a germ-
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line SDHA-mutated WT GIST patient complicat-
ed with renal cell carcinoma, which need fur-
ther study for the tumorgenesis mechanism
[46]. After successfully establishing the WT
GIST PDTX model, we have been able to test
our theory under the animal level. Relevant
studies are now underwent in our lab.

Conclusion

In summary, we have successfully established
4 GIST PDTX models and demonstrated that
these models faithfully recapitulate the histo-
logical and genetic characteristics of the pri-
mary human tumors. Furthermore, we are the
first study to conduct WES for the GIST PDTX
models and analyzed the data for our future
experiment. Thus, this panel of GIST PDTX mod-
els represents a valuable tool in understanding
this lethal disease and serves as a powerful
resource in enabling preclinical efficacy testing
in oncology drug discovery.
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