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ARTICLE INFO ABSTRACT

Keywords: Patient-derived xenografts provide significant advantages over long-term passage cell lines when investigating
Targeted therapy efficacy of treatments for solid tumors. Our laboratory encountered a high-grade, metastatic, neuroendocrine-like
Drug res‘st‘mce tumor from a pediatric patient that presented with a unique genetic profile. In particular, mutations in TYRO3 and
Crizotini

ALK were identified. We established a human patient-derived xenoline (PDX) of this tumor for use in the current
study. We investigated the effect of crizotinib, a chemotherapeutic known to effectively target both TYRO3 and
ALK mutations. Crizotinib effectively decreased viability, proliferation, growth, and the metastatic properties of
the PDX tumor through downregulation of STAT3 signaling, but expression of PDGFRR was increased. Sunitinib
is a small molecule inhibitor of PDGFRB and was studied in this PDX independently and in combination with
crizotinib. Sunitinib alone decreased viability, proliferation, and growth in vitro and decreased tumor growth
in vivo. In combination, sunitinib was able to overcome potential crizotinib-induced resistance through down-
regulation of ERK 1/2 activity and PDGFR[ receptor expression; consequently, tumor growth was significantly
decreased both in vitro and in vivo. Through the use of the PDX, it was possible to identify crizotinib as a less
effective therapeutic for this tumor and suggest that targeting PDGFRR would be more effective. These findings
may translate to other solid tumors that present with the same genetic mutations.

Neuroendocrine tumor
Patient derived xenoline

Introduction study these tumors to better understand the interaction between thera-

peutic agents and the tumor profile. The use of patient-derived xenolines

Cancer is the leading cause of death by disease for children and
a limited range of treatment options exists for this vulnerable patient
population [1,2]. In the case of pediatric neuroendocrine cancers with
unknown primaries, the survival rate is 10% [3]. Surgical excision is
often the first step for treatment of pediatric solid tumors, followed by
a regimen of chemotherapeutics and/or radiation therapy which are all
associated with significant toxicities. Investigation of tumor mutations
and signaling cascades is necessary to better target these malignancies
and improve outcomes. It is also necessary to develop novel models to

(PDXs) makes this goal achievable. Tumor PDXs offer the unique oppor-
tunity to study both general cancer biology and the recapitulation of the
tumor phenotype; conditions that provide an optimal opportunity to in-
vestigate and understand the potential effects of unexplored therapies
prior to testing in a clinical setting [4].

Genomic sequencing of the PDX in this study identified mutations
in anaplastic lymphoma kinase (ALK) and tyrosine kinase 3 (TYRO3)
genes. In malignancies with ALK and/or TYRO3 mutations, crizotinib,
an ALK/c-Met-inhibitor, has been effective at decreasing tumor cell vi-
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ability, growth, and the metastatic properties in pre-clinical investiga-
tions [5-7]. Unfortunately, in the clinical setting, crizotinib has been less
promising and efficacious. Multiple mechanisms of resistance have been
proposed including upregulation of PDGFRR and Axl [8-11]. We hypoth-
esized that similar mechanisms were in play in the PDX under current
investigation, and that downregulation of PDGFRB utilizing sunitinib
might overcome this drug resistance.

The complexity of molecular pathways in tumor cells may impede
the ability to effectively treat patients, so understanding these pathways
is critical for the successful development of new therapeutics. It is also
crucial to appreciate the individual nature of each tumor and the dif-
ferences amongst tumors, especially between adult and pediatric pop-
ulations. The work presented addresses the ability to investigate a rare
tumor on the molecular level and supports a mechanism of resistance
while proposing a chemotherapeutic solution.

Methods
Establishing patient-derived xenoline

A high-grade neuroendocrine-like tumor from a pediatric patient
who presented with multiple metastases was identified for potential
use as a patient-derived xenograft, referred to as COA109 (Supplemen-
tary Figure 1 A). Following written informed consent and under an in-
stitutional review board approved protocol [University of Alabama at
Birmingham (UAB) IRB 130627006], a fresh piece of the excised tu-
mor was obtained from the surgical resection specimen and placed in
iced Roswell Park Memorial Institute 1640 (RPMI) medium. The spec-
imen was partitioned and placed in (i) formalin for paraffin embed-
ding; (ii) liquid nitrogen for storage at —80 °C; and (iii) sterile media
for implantation. Under a UAB institution animal care and use commit-
tee protocol, (IACUC 009186), implantation was accomplished using fe-
male athymic nude mice (Envigo, Prattville, AL). Briefly, animals were
anesthetized with 3% inhalational isoflurane and under sterile condi-
tions, 16 mm?3 tumor pieces were placed into the subcutaneous space
of the animal’s flank. Animals were housed in a pathogen-free envi-
ronment and monitored for overall health and tumor growth. Tumor
volumes were measured weekly and harvested when IACUC parameters
were met. At the time of tumor harvest, the tumors were partitioned
as described above, with the addition of a portion of the tumor being
utilized for experimentation. For in vitro experiments, tumors were dis-
sociated using a Tumor Dissociation Kit (Miltenyi Biotec, San Diego,
CA) per manufacturer’s protocol. Cells were resuspended in neurobasal
(NB) medium (Life Technologies, Carlsbad, CA) supplemented with B-27
without Vitamin A (Life Technologies), N2 (Life Technologies), ampho-
tericin B (250 ug/mL), gentamicin (50 pg/mL), L-glutamine (2 mM),
epidermal growth factor (10 ng/mL, Miltenyi Biotec), and fibroblast
growth factor (10 ng/mL, Miltenyi Biotec). Next-Generation Sequencing
of COA109 xenograft tumor tissue and COA109 cells was completed (Ge-
nomics Core, UAB, Birmingham, AL) and results compared with Foun-
dationOne® testing that had been completed on the patient’s tumor
to validate a similar tumor profile. Identified mutations were utilized
for further testing. To ensure integrity of the PDXs through multiple
passages, we performed short tandem repeat analysis (UAB Genomics
Core, Birmingham, AL), real-time PCR (qPCR) to detect potential murine
contamination of the PDX (TRENDD RNA/DNA Isolation and TagMan
QPCR/Genotyping Core Facility, UAB, Birmingham, AL), and histology
and immunohistochemistry to confirm recapitulation of the patient’s tu-
mor.

Antibodies and reagents

The following antibodies were utilized per manufacturers’ rec-
ommendations: rabbit monoclonal anti-phospho-Stat3 (Tyr705, D3A7,
9145), anti-Stat3 (79D7, 4904), anti-PARP (46D11), anti-Caspase-3
(9662), anti-cleaved Caspase 3 (Aspl75, 5A1E, 9664), anti-Tyro3
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(D38C6, 5585), anti-phospho-Akt (Ser473, DIE, 4060), anti-PDGFRp
(28E1, 3169), anti-Akt (11E7, 4685), anti-cyclin D1 (92G2, 2978),
and anti-Vinculin (E1E9V, 13,901) from Cell Signaling (Danvers, MA);
rabbit monoclonal anti-PDGF Receptor beta (Y92, ab32570) from Ab-
cam (Cambridge, MA); mouse monoclonal g-actin (A1978), and anti-
phospho-Erk 1/2 (AW39R) from Sigma Aldrich (Millipore Sigma, St.
Louis, MO). Crizotinib was purchased from Sigma Aldrich and LC Labo-
ratories (Woburn, MA) and sunitinib was purchased from Selleckchem
(Houston, TX).

Immunohistochemistry

Paraffin-embedded COA109 tissue was cut into 4 M sections onto
positive slides and processed according to a previously published proto-
col [12]. Briefly, the primary antibody for Chromogranin A (ab15160,
Abcam) was added at a 1:100 dilution and incubated overnight in a
humidity chamber at 4 °C. The slides were then washed with PBS and
secondary antibody for rabbit (R.T.U. biotinylated universal antibody,
Vector Laboratories, Burlingame, CA) was added for 30 min at 22 °C.
Staining reaction was applied for 30 min at room temperature with VEC-
TASTAIN Elite ABC reagent (PK-7100, Vector Laboratories) and Metal
Enhanced DAB Substrate (Thermo Fisher Scientific) for 2 min. Slides
were counterstained with hematoxylin. Each antibody had a negative
control (rabbit IgG, 1 ng/mL, EMD Millipore).

Immunoblotting

COA109 cells (1 x 10°) were plated in non-adherent conditions in
NB media and various drug treatments were applied for 24 h. Treated
cell pellets were flash frozen in liquid nitrogen for later use. Whole cell
lysates or homogenized tumor specimen lysates were made using ei-
ther radioimmunoprecipitation (RIPA) buffer [10 mmol/L Tris base pH
7.2, 150 mmol/L NaCl, 1% Na-deoxycholate, 1% Triton X-100, 0.1%
sodium dodecyl sulfate (SDS)] supplemented with phenyl-methane-
sulfonyl-fluoride (PMSF, Sigma), protease inhibitor (Sigma), and phos-
phatase inhibitor (Sigma), or mammalian target of rapamycin (mTOR)
buffer [40 mM HEPES pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM py-
rophosphate (Sigma, P8010), 10 mM glycerophosphate (Sigma, G9891),
1.5 mM NazVO,, 0.3% CHAPS, and EDTA-free protease inhibitors
(Roche)] supplemented with protease inhibitor, 50 mM NaF, and PMSF
according to protocols previously described [12]. Protein concentra-
tions were determined with a Micro BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA). Proteins were separated on SDS poly-
acrylamide (SDS-PAGE) gels via electrophoresis. Precision Plus Protein
Kaleidoscope molecular weight marker (Bio-Rad, Hercules, CA) was
loaded adjacent to samples for reference. Gels were transferred to a
blotting membrane using Trans-Blot Turbo Transfer System (Bio-Rad)
per manufacturer’s protocol. Antibodies were used per manufacturers’
instructions. Blots were developed with either Immobilon Classico or
Crescendo Western HRP Substrate (EMD Millipore, Millipore Sigma,
Burlington, MA). Immunoblots were stripped with stripping buffer (Bio-
Rad) at 65 °C for 20 min prior to re-probing. f-actin or vinculin were
used to confirm equal protein loading.

Cell survival and proliferation

COA109 cells were suspended in Accutase (Fischer Scientific), incu-
bated at 37 °C for 10 min, re-suspended in NB media, and counted. Cells
(1.5 x 10*) were plated in 96-well plates and treated with increasing
doses of crizotinib (0, 0.5, 1, 2.5, 5, 10, 20 um), sunitinib (0, 2.5, 5,
10 pum), or an equivalent concentration of dimethyl sulfoxide (DMSO)
for a vehicle control. After 24, 48, and 72 h of treatment, an alamar-
Blue® colorimetric assay (Thermo Fisher Scientific) was used to assess
viability. AlamarBlue® dye (10 pL, Thermo Fisher Scientific) was added
and absorbance was read at 570 nm and 600 nm on a microplate reader
(Epoch Microplate Spectrophotometer, BioTek Instruments, Winooski,
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VT). To assess proliferation, cells (5 x 10%) were plated in 96-well
plates and treated with control, crizotinib, or sunitinib in increasing
concentrations (as above) for 24, 48, and 72 h and the colorimetric
CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay (10 pL,
Promega, Madison, WI) was utilized. Absorbance was read at 490 nm
with a microplate reader. Cell viability and proliferation from at least
three biologic replicates were reported as fold change + standard error
of the mean (SEM).

Cell growth

To assess in vitro cell growth over time, COA109 cells (5 x 10°) were
plated in non-adherent conditions and treated with control (DMSO) or
crizotinib (1 uM) for single treatment studies. For combination studies,
COA109 cells (2.5 x 10°) were plated in non-adherent conditions and
treated with control (0 uM), crizotinib (0.5 uM), sunitinib (0.5 uM), or a
combination of crizotinib and sunitinib (0.5 uM each). Each time point
(24, 48, 72, 96 h) had three wells of cells and all wells were treated
at 0 h. Cells were brought to a single cell suspension, stained with try-
pan blue, and counted with a hemocytometer. Total cell population was
compared across time points and presented with at least three biologic
replicates.

Cell cycle

COA109 cells (5 x 10°) were plated in 6-well plates with increasing
doses of crizotinib (0, 2.5 pM). Following a 24-hour incubation period,
cells were washed twice with PBS, fixed in ethanol for 24 h at 4 °C,
stained with propidium iodide (1 mg/mlL, Invitrogen), 0.1% TritonX
(Active Motif, Carlsbad, CA), and RNAse A (0.1 mg/mL, Qiagen, Valen-
cia, CA), and analyzed via Attune Next Su™ Flow Cytometer (Thermo
Fisher Scientific). Collected data were analyzed using FlowJo software
(Ashland, OR) and presented with at least three biologic replicates.

Migration and invasion

Corning® Transwell® plates (Corning Inc., Corning, NY) with 8 um
pore inserts were utilized. For both assays, the bottom of the inserts was
coated with laminin (10 ug/mL, Millipore) overnight at 37 °C. Following
treatment with increasing doses of crizotinib (0, 1, 2.5 uM) for 24 h,
COA109 cells (2.5 x 10%) were seeded into the inserts and allowed to
migrate for 120 h. For invasion assays a similar method was used, but
the top of the inserts was coated with Matrige]™ (1 mg/mL, 50 uL, BD
Biosciences, Franklin Lakes, NJ) overnight at 37 °C. Following treatment
with increasing doses of crizotinib (0, 1, 2.5 uM) for 24 h, COA109
cells (2.5 x 10°) were seeded into the inserts and allowed to invade for
120 h. For both assays, inserts were fixed with 4% paraformaldehyde
and stained with crystal violet. Image J (https://imagej.nih.gov/ij) was
used for analysis and results were reported as fold change in number of
cells migrating or invading + SEM. Each assay had at least three biologic
replicates.

In vivo tumor studies

PDX tumors were dissociated and cultured in NB media for 24 h.
COA109 cells (5 x 10° in 25% Matrigel™, BD Biosciences) were im-
planted subcutaneously in the right flank of 6-week-old female athymic
nude mice (Envigo). The mice were maintained in a pathogen-free en-
vironment with access to both chow and water ad libitum and under
12-hour light/dark cycles. Animals were monitored daily for overall
body condition and weighed three times per week. Tumor volumes were
measured three times a week with a caliper. Tumor volume was calcu-
lated with the formula (width? x length)/2 with width being the smaller
value.

Animals were randomized into two treatment groups for the single
drug study: control (4% DMSO, n = 7) or crizotinib (75 mg/kg of body
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weight/day, n = 7, LC Laboratories). For drug combination studies, an-
imals were randomized into four treatment groups: control (4% DMSO,
n = 5), crizotinib (75 mg/kg of body weight/day, n = 5, LC Laborato-
ries) [13], sunitinib (40 mg/kg of body weight/day n = 5, Selleckchem)
[14], and crizotinib + sunitinib (same doses as single treatments, n = 7).
Treatment was initiated one week after tumor cell implantation and was
administered in a metronomic fashion: three consecutive days of each
treatment with one day off per week. Drugs were delivered via oral gav-
age in 100 pL of corn oil and all animals received 100 pL of sterile saline
subcutaneous injection daily for rehydration. The mice were treated for
17 days or until the tumors met IACUC parameters for animal euthana-
sia. Mice were humanely euthanized with CO, and cervical dislocation
in their home cages one hour after their last treatment. Harvested tu-
mors were saved for histologic sectioning and flash frozen for further
experimentation.

Data analysis

Each in vitro experiment was repeated with at least three biologic
replicates (PDXs from three different mice) and data was displayed as
mean + SEM. To determine statistical significance, a student’s t-test or
analysis of variance (ANOVA) was used as appropriate, with p < 0.05
determined to be statistically significant (SPSS V26, IBM®).

Results
Successful establishment of a high-grade pediatric neuroendocrine-like PDX

A high-grade pediatric neuroendocrine-like tumor, herein referred
to as COA109, was successfully propagated as a PDX in immunodefi-
cient mice. The PDX, COA109, was compared to the original patient
tumor via histology. Hematoxylin and eosin staining demonstrated that
the histology of the PDX (Fig. 1A, top right panel) recapitulated that of
the parent tumor (Fig. 1A, top left panel). Both sections had round cells
in a ribboning pattern and densely stained nucleoli (Fig. 1A, top pan-
els, black boxes). Chromogranin-positive staining of the patient (Fig. 1A,
bottom left panel) and PDX (Fig. 1A, bottom right panel) tumors suggested
neuroendocrine features. IgG staining was included as a negative control
(Fig. 1A, insert, bottom right panel). FoundationOne® sequencing was ini-
tially completed on the patient’s tumor to identify mutations that might
affect oncogenesis and to identify potential chemotherapeutic targets.
FoundationOne® sequencing revealed mutations in 13 genes including
TYRO3 (Supplementary Figure 1 B). To confirm replication of the geno-
type of the parent tumor in the PDX, whole genome sequencing was
performed on both COA109 dissociated cells that had been maintained
in culture 24 h and directly from ex vivo tumor tissue. Next generation
sequencing confirmed the alterations in TYRO3 in the COA109 PDX tu-
mors and cells from dissociated tumors, and detected mutations of un-
known significance in ALK. There was over a 75% homology between
in vitro and ex vivo samples, verifying the use of this PDX for experimen-
tation (Supplementary Figure 1 C). Analysis showed all thirteen muta-
tions identified by FoundationOne® were present in both the COA109
flank tumor and dissociated cells. These investigations validated a sim-
ilar genotype between the PDX and the parent tumor. These findings
supported the successful recapitulation of a rare tumor to be used for in
vitro and in vivo studies as well as identified areas of investigation for
therapeutics.

Crizgotinib decreased viability, proliferation, growth, and cell invasiveness in
vitro

ALK inhibitors have been studied in other tumors with TYRO3 or
ALK mutations, including non-small lung cancer [8,15,16], acute large
cell lymphoma [17], leiomyosarcoma [7,18], and neuroblastoma [5,6].
Crizotinib is a rigorously researched ALK/c-Met-inhibitor. Based on its


https://imagej.nih.gov/ij

C.H. Quinn, A.M. Beierle, A.P. Williams et al. Translational Oncology 14 (2021) 101099

w B' 1.2 **p £ 0.01, vs control C. 1 *p s 0.05, vs control
Q?-« a o s 0_001: va ‘contrel 2 ***p 5 0.001, vs control
a 1 S o8
E -
8 &
o 06
s 8
& o4
4 s
[*]
2B o2
0.2 £ i ik -
0 0
0 5 10 15 20 0 5 10 15 20
Crizotinib (uM) Crizotinib (M)
F.
Crizotinib (uM) Crizotinib (uM)
1E+06 - —:-—?:\::IC - *p 5 0.05, vs control 0 5 10 0 1 25 5 10
— K rizotinii
w 1E+06 PARP | IR S S 116 (Da  pAKT mee s e " 60 kDa
g BE+05 - Cleaved PARP RS SRR g9 kDa  AKT (S S . (D
$ eeos Caspase 3 MR SHNENR SN 35 kDa B-actin A= s—"— a— 22 kDa
8 | Cleaved - j
E e Caspase 3 ®kba
z
26405 | Bactn AN <2 Da
0E+00
0 24 48 72 %
Hours

Fig. 1. Crizotinib decreased viability, proliferation, and growth in patient-derived xenoline cells of a highly malignant neuroendocrine tumor. A. Hema-
toxylin and eosin staining was performed on both the original patient tumor and the established PDX. Staining confirmed that the PDX morphology (top right panel)
recapitulated that of the patient tumor (top left panel). Morphology of the tumor cells demonstrated densely stained nuclei and a gyriform-like pattern (black boxes).
Chromogranin A immunohistochemistry staining confirmed the neuroendocrine features in the PDX (bottom right panel) and patient (bottom left panel) tumors. IgG
staining was included as a negative control (insert, bottom right panel). B. COA109 cells were treated with increasing doses of crizotinib (0 - 20 uM) for 24 h. Viability
was assessed using an alamarBlue® assay. Viability was significantly decreased with increasing doses of crizotinib. Crizotinib had a measured LDs, of 4.87 uM.
C. COA109 cells were treated with increasing doses of crizotinib (0 - 20 pM) for 24 h. Proliferation was evaluated using a CellTiter 96® assay. Proliferation was
significantly decreased with increasing doses of crizotinib. Crizotinib had a measured ICg, of 2.24 uM. D. COA109 cells were treated with 1 pM of crizotinib and
their growth was compared to a control group of COA109 cells over a 96-hour period. At 72 h, there was significantly less growth seen in COA109 cells treated with
crizotinib. E. Immunoblotting showed an increase in both cleaved Caspase 3 and cleaved PARP, while there was a decrease in total PARP, indicating an upregulation

of the apoptotic cascade. F. There was also a decrease in phosphorylation of AKT, consistent with decreased cell proliferation.

use in the pediatric population for neuroblastoma, another neuroen-
docrine tumor, the finding of alterations in TYRO3 by FoundationOne®,
and the discovery of mutations in ALK in the COA109 PDX and disso-
ciated cells, we chose to investigate whether crizotinib would influence
the phenotype of COA109 PDX cells. Dissociated PDX cells were treated
with increasing concentrations of crizotinib (0 - 20 uM), and survival
and proliferation were determined using alamarBlue® and CellTiter
96® assays, respectively. Crizotinib treatment led to a significant de-
crease in both viability and proliferation (Fig. 1B, C). Crizotinib was
calculated to have a median lethal dose (LDs() of 4.9 uM and half maxi-
mal inhibitory concentration (ICsy) of 2.2 pM. COA109 cell growth was
assessed over a 96-hour period with 1 uM of crizotinib treatment. Start-
ing at 72 h, cell growth was 39% less following treatment with crizo-
tinib compared to COA109 cells under control conditions (Fig. 1D). Sup-
porting apoptosis as the mechanism responsible for the associated cell
death, there was an increase in the apoptotic markers, cleaved PARP
and cleaved Caspase 3, and a decrease in total PARP with Crizotinib
(Fig. 1E). Additionally, there was a decrease in phosphorylated AKT,
explaining the decrease in cell proliferation (Fig. 1F).

Neuroendocrine tumors commonly metastasize [19] and research
has demonstrated that Tyro3 may contribute to cancer cell motility [20].
We noted a decrease in Tyro3 expression with increasing doses of crizo-
tinib (Fig. 2A), prompting us to examine cell migration and invasion.
Modified Boyden chamber assays were used to evaluate migration and
invasion. At increasing doses of crizotinib (0, 1, 2.5 uM), all below the
LDs to ensure independence from cell death, there was a significant de-
crease in both migration and invasion of COA109 cells (Fig. 2B). These
data suggested that crizotinib led to decreased motility of COA109 cells.

To further delineate the possible mechanism responsible for crizo-
tinib’s effect on the survival and proliferation of COA109 cells, we in-
vestigated downstream signaling targets of Tyro3. We found a decrease
in phosphorylation of STAT3 following treatment with crizotinib, sug-
gesting a decrease in the activity of STAT3 (Fig. 2C). STAT3 regulates
genes affecting cancer cell survival and proliferation, and inhibiting the
function of STAT3 through de-phosphorylation at the TY705 site pre-
vents the transcription of these oncogenes [21]. We propose that the
results seen with crizotinib were due to alteration of the STAT3 signal-
ing [18] as depicted in the cartoon (Fig. 2D).

Crizotinib did not affect in vivo tumor growth

Based on in vitro findings, the next step was to study crizotinib in
an animal model. COA109 cells (5 x 10°) were implanted into the right
flank of female athymic nude mice. One week after injection, mice were
randomized to receive either control [4% DMSO, 100 pL, per os (po),
n = 7] or crizotinib (75 mg/kg, 100 pL, po, n = 7). The tumors were
measured three times per week over a period of 37 days or until the
mice reached IACUC parameters for euthanasia. Following 37 days of
treatment, neither tumor volume (Fig. 3A, C) nor fold change in tu-
mor volume (Fig. 3B) were significantly different between crizotinib and
control animals. Additionally, crizotinib did not improve the survival of
mice bearing COA109 tumors (Fig. 3D). These findings demonstrated
the inability of crizotinib to decrease COA109 tumor growth and rate of
tumor progression in vivo and posed the need to identify an alternative
pathway that may be responsible.
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Fig. 2. Crizotinib treatment led to decreased Tyro3 and STAT3 activity. A. COA109 cells were treated with crizotinib (0, 5, 10 uM) for 24 h. Immunoblotting
revealed a decrease in expression of Tyro3. B. Since Tyro3 affects cell motility, we studied migration and invasion using modified Boyden chambers. Following
increasing doses of crizotinib, migration and invasion of COA109 cells was significantly decreased. C. STAT3 phosphorylation was evaluated with immunoblotting.
There was a decrease in phosphorylated STAT3, indicating a downregulation of the JAK/STAT pathway. D. There is crosstalk between Tyro3 and ALK signaling
cascades. This diagram represents a proposed mechanism.
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Fig. 3. Crizotinib did not decrease tumor growth in vivo. A-B. COA109 cells (5 x 10° in 25% Matrige]™) were placed subcutaneously in the right flank of
athymic nude mice and tumor volume was measured three times a week and calculated as (width? x length)/2. One week after implantation, mice were treated with
crizotinib (75 mg/kg, 100 pL, per os, n = 7) or control (4% DMSO, 100 pL, per os, n = 7). Mice treated with crizotinib had similar (A) tumor volume and (B) fold
change in growth compared to the mice treated with control. C. Representative photos of excised tumors treated with control (left) and crizotinib (right). D. There
was no statistically significant difference in survival between the control and crizotinib treated mice (NS, not significant).
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Fig. 4. PDGFR-f signaling was increased in crizotinib treated COA109 cells. Since crizotinib did not significantly affect in vivo tumor growth, potential mech-
anisms of resistance were investigated. A. COA109 cells (1 x 10°) were treated with increasing doses of crizotinib (0 - 20 uM) and immunoblotting was performed
on whole cell lysates. With increased doses of crizotinib, PDGFRp expression was increased. B. There was increased phosphorylation of ERK1/2 after treatment with
crizotinib, with no effect on total ERK1/2 expression. C. Downstream of PDGFRf, there was also an increase in cyclin D1, a protein responsible for progression
through the cell cycle from G1 to S phase. D. COA109 cells (5 x 10°) were treated with crizotinib (0, 2.5 uM) for 24 h and examined via flow cytometry for cell
cycle changes. With 2.5 uM of crizotinib, the percentage of cells in G1 phase significantly decreased while the percentage of cells in S phase significantly increased.
The increase in cyclin D1 correlated with the observed effect noted with cell cycle analysis.

Increased PDGFRJS in a crizotinib resistant cell subpopulation

Outcomes from the in vivo study contradicted those seen in the
in vitro studies, prompting investigations for mechanisms to explain
these findings. Other investigators have shown that malignancies treated
with small molecule tyrosine kinase inhibitors have an upregulation of
growth factors [22], and PDGFRE upregulation has been identified in
some ALK mutation-driven cancers [10]. Since mutations in ALK were
also noted in the COA109 PDXs we used immunoblotting to analyze
COA109 cells treated with crizotinib for alterations in cell signaling. We
noted that PDGFRR increased with increasing concentrations of crizo-
tinib (Fig. 4A).

Due to the changes in PDGFRS, we chose to investigate downstream
signaling cascades involved in tumor cell proliferation. There was an
increase in phosphorylation of ERK 1/2 in COA109 cells treated with
crizotinib (Fig. 4B). Consistent with increased ERK 1/2 activity, there
was an increase in downstream cyclin D1 (Fig. 4C). The phosphoryla-
tion of ERK suggests that crizotinib causes some cancer cells to undergo
proliferation while other cells, as previously shown, undergo apoptosis.
We propose that this select subpopulation that was able to avoid cell
death and proliferate may represent the cells responsible for the lack of
efficacy seen in vivo.

Since we noted an increase in cyclin D1 following treatment with
crizotinib, we investigated the cell cycle. Cyclin D1 is important for cell
cycle progression from G1 phase to S phase. In cancer cells, halting this
progression may prevent proliferation [23]. Using flow cytometry, cell
cycle analysis was performed on COA109 cells treated with 2.5 uM of
crizotinib. In control cells, 61% of the cell population was in G1 and
36% in S phase, while in the crizotinib-treated cells, 48% of cells were
in G1 and 50% in S phase (Fig. 4D). The significant difference between
G1 (p<0.05) and S (p<0.001) indicated cell cycle progression with crizo-
tinib treatment. We then investigated the inhibition of upstream targets,

such as PDGFRR, attempting to decrease the expansion of these resistant
cells.

PDGFRS inhibition decreased COA109 survival and growth

Sunitinib is a small molecule tyrosine kinase inhibitor that effec-
tively targets PDGFR[ [24] and has been employed in clinical trials to
treat pediatric malignancies [25]. Our data showed an upregulation of
PDGFRS following crizotinib treatment and we hypothesized that by
using sunitinib, we could counteract the increase in activity of prolifer-
ative kinases. To assess the effect of sunitinib on COA109 cells indepen-
dently, an alamarBlue® assay was performed. Sunitinib significantly de-
creased viability of COA109 in vitro and had a calculated LDs, of 2.9 uM
(Fig. 5A). These results provided substantiation to proceed with further
experimentation of sunitinib alone and in combination with crizotinib.

Growth of COA109 cells over a 72-hour period was assessed under
the following conditions: sunitinib + crizotinib (0.5 uM each), crizotinib
(0.5 uM), sunitinib (0.5 uM), and control. At 48 h, sunitinib had a 24%
and sunitinib + Crizotinib (combination) had a 36% decrease in growth
compared to control (p < 0.05, p < 0.01, respectively). In comparing
the combination group to each treatment alone, for crizotinib and suni-
tinib there were 32% and 38% and less cell growth at 72 h respectively
(p < 0.05, p < 0.01, respectively, Fig. 5B). The findings for crizotinib
were comparable with previous in vitro studies. These results suggested
that combination treatment may be advantageous due to the cytotoxic
effects of both drugs.

We then investigated the downstream mechanisms of crizotinib and
sunitinib in combination. As previously shown, there was an increase in
PDGFRJ expression and phosphorylation of ERK with increasing doses
of crizotinib. At increasing doses of sunitinib alone, there was a decrease
in phosphorylated ERK 1/2 (Fig. 5C), coinciding with the decrease in
cell proliferation. Together, sunitinib in combination with crizotinib,
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Fig. 5. Crizotinib and sunitinib in combination effectively targeted COA109 cells in vitro. A. COA109 cells were treated with increasing doses of sunitinib (0 -
10 uM) for 24 h. Using an alamarBlue® assay, viability was assessed and determined an LDy, of 2.9 uM. B. COA109 cells (2.5 x 10°) were treated with a combination
of 0.5 uM of crizotinib and 0.5 yM of sunitinib, 0.5 yM of sunitinib, 0.5 uM of crizotinib, or control. Cells were stained with trypan blue and counted at 24-hour
intervals to assess growth over time. Combination treatment with crizotinib and sunitinib had the most significant inhibition on cell growth. C. Inmunoblotting
showed an increase in PDGFRf and pERK 1/2 with crizotinib treatment, whereas there was no increase in pERK 1/2 with sunitinib treatment and a decrease in

PDGFRJ with the addition of sunitinib.

decreased the expression of PDGFRf (Fig. 5C), suggesting sunitinib
was reducing the crizotinib-induced PDGFRf upregulation. These re-
sults showed promise for the combined use of sunitinib with crizotinib
in vivo.

PDGFRS3 inhibition decreased COA109 in vivo tumor growth

Because of the in vitro findings, we proceeded with studying sunitinib
alone and in combination with crizotinib in a murine model. COA109
cells (5 x 10°) were implanted subcutaneously in the right flank of
athymic nude mice. At one week, animals were randomized to receive
one of the following treatments: control (4% DMSO, 100 pL, po, n = 5),
crizotinib (75 mg/kg of body weight/day, 100 uL, po, n = 5), sunitinib
(40 mg/kg of body weight/day, 100 pL, po, n = 5), and crizotinib + suni-
tinib (same doses as in single treatments, 100 pL, po, n = 7). Animals
were weighed and tumors measured three times per week for 20 days
of treatment. Again, there was no significant difference between the tu-
mor growth rate of the control treated group and those treated with
crizotinib (Fig. 6A, B). Sunitinib alone significantly delayed COA109 tu-
mor growth (p < 0.001, Fig. 6A, B). Further, the addition of sunitinib to
crizotinib diminished tumor growth compared to the control (p < 0.05)
and crizotinib treated groups, but not to sunitinib alone. These findings
differed from the in vitro findings of combination treatment but substan-
tiated the lack of efficacy of crizotinib in vivo.

Tumors from the experimental mice were harvested at euthanasia
one hour after the final administration of treatment. Proteins were ex-
tracted from the tumors and immunoblotting completed. Consistent
with our previous findings, tumors from mice treated with crizotinib
(Fig. 6C) showed a high expression of PDGFR( and increased phospho-
rylation of ERK 1/2, indicating crizotinib had a similar effect on the in
vivo tumor as it did in vitro. With the addition of sunitinib to crizotinib,
PDGFRf and phosphorylation of ERK 1/2 were decreased (Fig. 6C).
Sunitinib treatment alone decreased PDGFR[ expression (Fig. 6C).

These findings were consistent with the hypothesized mechanism of re-
sistance to crizotinib mediated through PDGFRR signaling, and provide
support for the use of sunitinib in tumors bearing this genotypic profile.

Discussion

Genetic mutations have become a driver for the development and
use of targeted chemotherapeutics in cancer. We utilized the identified
TYRO3 and ALK mutations as a basis to study the use of crizotinib in
an established PDX of a rare pediatric neuroendocrine-like tumor (Sup-
plementary Figure 1 A-D). The in vitro data were promising with a de-
crease in COA109 cell viability, growth, and motility following treat-
ment with crizotinib. When studied in vivo, crizotinib had little effect
on the COA109 tumors, contradicting what was expected based on in
vitro experiments. PDGFR( upregulation was noted with crizotinib treat-
ment and suggested a potential resistance mechanism. Sunitinib was
then added to override this activity and in vitro analysis suggested a po-
tent combination for COA109. In vivo findings confirmed the lack of effi-
cacy of crizotinib. Addition of sunitinib decreased in vivo tumor growth
of the crizotinib resistant cells and on its own.

With the advent of genomic sequencing, it has become possible to
pinpoint the specific, altered pro-oncogenic or pro-apoptotic signaling
pathways in a cancer and target them for therapy. There are downfalls
to this approach of personalized medicine: (i) the potential toxicity of
these molecularly targeted therapies, and (ii) the inability of the tar-
geted therapeutics to fully inhibit a protein’s downstream activity [26].
Additionally, these pathways are subject to adaptability and may vary
with the tumor microenvironment, providing an avenue for the devel-
opment of drug resistance [16,27]. The use of PDX models allows for a
more accurate prediction of a clinical outcome in a pre-clinical setting
for chemotherapeutics as these models more closely replicate the prop-
erties of patient tumors [4]. A limitation to the PDX model is the amount
of time required to grow the cancer in a murine model [28]. This barrier
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Fig. 6. Sunitinib significantly decreased tumor growth and improved crizotinib’s affect in vivo. A. Athymic nude mice were implanted with COA109 cells
(5 x 10°) and randomized to four treatment groups: control (4% DMSO, 100 pL, per os, n = 5), sunitinib (40 mg/kg, 100 pL, per os, n = 5), crizotinib (75 mg/kg,
100 pL, per os, n = 5), or crizotinib + sunitinib (same as single doses, 100 uL, per os, n = 7). Fold change in tumor volume was decreased with sunitinib treatment
alone and in the group receiving combined sunitinib and crizotinib treatment. As noted in previous experiments, crizotinib alone did not have an effect on tumor
growth. B. Representative pictures of resected tumors of each treatment group are shown. C. Resected tumors were homogenized and lysed for immunoblotting.
Tumors corroborated in vitro findings by demonstrating high levels of PDGFRB and increased phosphorylation of ERK 1/2 in crizotinib treated COA109 tumors. Both
PDGFRS and phosphorylation of ERK 1/2 were lower in tumors treated with sunitinib or the combination of crizotinib + sunitinib.

was not encountered with the tumor in this study; COA109 tumors grew
predictably within a month’s time and at a similar rate with injection of
dissociated cells, eliminating potential intertumoral selection bias that is
associated with the implantation of tumor chunks. Other concerns with
employing PDXs include genetic and phenotypic deviations of the PDX
from the parent tumor after multiple passages; however, these were not
encountered in this study. We showed that the COA109 PDX remained
consistent with the original tumor through both histology and genotyp-
ing. The recapitulation of the parent tumor in a PDX model allowed for
an in-depth study of the tumor’s genotype and phenotype in order to
better understand and explore potential therapeutic interventions.

The highly malignant features, variety of mutations, and lack of
clear diagnostic pathology made this undifferentiated tumor challeng-
ing [29]. The focal neuroendocrine features were intriguing as there has
been an increasing number of neuroendocrine tumors seen in adults but
they remain rare in children [19]. Neuroendocrine tumors, however, are
derived from the same embryonic tissue as the pediatric tumor, neurob-
lastoma, and led us to investigate potential similarities between COA109
and neuroblastoma. Identification of multiple ALK mutations in PDX tis-
sue/cells served as a corroboration for initial studies (Supplementary
Figure 2). ALK, an ATP-dependent tyrosine kinase receptor, is sparsely
expressed throughout the body and is believed to play a role in neural
development [30]. ALK signaling pathways have been found to be im-
portant for oncogenesis in neuroblastoma [31]. Up to 14% of high-risk
neuroblastomas harbor ALK mutations and these mutations are known
to promote oncogenesis through PI3K/AKT, RAS/MAPK, and STAT3 sig-
naling pathways. F1774L, F1245C, and R175Q make up 85% of the ALK
mutations found in neuroblastoma, but these specific mutations were
not identified in the COA109 PDX. Additionally, in high-risk neurob-
lastoma, ALK mutations are often associated with MYCN amplification,
the worst prognostic indicator in neuroblastoma, and TP53 mutations
[32,33]. The tumor in the current study had multiple TP53 mutations
but not MYCN amplification. Thus, the similarities between COA109
PDX and neuroblastoma were limited to sharing a neural ectoderm ori-

gin. Ultimately these findings eliminated neuroblastoma as the clinical
diagnosis and led to the consideration of other neuroendocrine tumors
for diagnosis.

Targeting ALK through tyrosine kinase inhibitors has been success-
ful in ALK mutated malignancies. Crizotinib, a small molecule inhibitor
of the ALK receptor, is an FDA approved drug that targets ALK fusion
proteins and was initially developed for treatment of non-small cell lung
cancer [34]. When studied in a PDX model of neuroblastoma, crizotinib
did not significantly decrease in vivo tumor growth [35], similar to the
findings presented in the current study. This resistance was attributed
to the loss of TP53 function [35]. Studies have since showed a varying
sensitivity of different ALK mutations to crizotinib, prompting investi-
gations on the mechanisms of resistance or pathways to overcome resis-
tance [5]. F1174L is the most widely known mutation to have de novo re-
sistance to crizotinib and newer therapies such as lorlotinib have demon-
strated improved efficacy over crizotinib in neuroblastoma lines with
the F1174L mutation [13,36]. Even with these considerations, promis-
ing data with other long-term passage cell lines led to the initiation of
a clinical trial. Recent reports of the study show less pronounced effects
than anticipated and suggest the use of crizotinib for ALK mutations may
not be as beneficial as anticipated (clinicaltrials.gov, NCT00939770).
The discrepancy of crizotinib in pre-clinical findings compared to clini-
cal use is similar to the contradiction we found in comparing our in vitro
and in vivo results.

Crizotinib has been shown to inhibit other tyrosine kinase receptors
such as TAM receptors [7,11]. The TAM receptor family is a group of ty-
rosine kinase receptors that includes Tyro3, Axl, and Mer [18]. Studies
have shown the importance of TAM receptors in promoting cancer cell
survival, metastasis, and chemoresistance through STAT3, PI3K/AKT,
and RAS/MAPK pathways [11,18,37-40]. The PDX studied here had a
TYRO3 mutation (Supplementary Figure 1 C). Investigation of Tyro3 in
other neural crest-derived malignancies has been focused on schwan-
noma and melanoma. Tyro3 has been shown to be overexpressed in
schwannomas and activation of the receptor via Gas6 contributed to
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an increased phosphorylation of ERK 1/2, AKT, and JNK, resulting in
schwannoma cell proliferation [41]. In melanoma, Tyro3 activity de-
creased with focal adhesion kinase inhibition, which resulted in de-
creased metastases [20]. Finding that crizotinib successfully targeted
Tyro3 in other neural crest-derived malignancies [42] prompted the
use of crizotinib in these investigations. In TYRO3-mutated leiomyosar-
coma, crizotinib was found to decrease tumor cell survival through in-
ducing G2 cell cycle arrest and apoptosis [7]. Those findings were sim-
ilar to those in the current studies where crizotinib decreased prolifera-
tion and increased apoptosis in vitro in the PDX studied but different in
that crizotinib did not induce cell cycle arrest.

Coinciding downstream signaling of both ALK and Tyro3, such as
PI3K/AKT, MAPK/ERK 1/2, and JAK/STAT, provides a promising area
for targeted drug therapy [18,21,32,43,44]. Since the PDX in the cur-
rent study had mutations in both ALK and TYRO3, it was hypothesized
that crizotinib would be an effective agent. However, intercepting one
signaling cascade over the other, or the inability to completely inhibit
both, may result in the generation of a drug resistant tumor cell sub-
population [26]. This effect has been noted in ALK mutated neuroblas-
toma and non-small cell lung cancer. When these tumors were treated
with ALK inhibitors, there was a subsequent increase in Axl receptor
activity [9,45]. Specifically, increased Axl expression resulting from the
ELMA4-ALK fusion mutation induced resistance to ALK inhibitor in lung
cancer. In the absence of ALK mutations and in pediatric solid tumors
other than neuroblastoma, crizotinib has been shown to drive growth
factor rescue and negate its therapeutic effects through upregulation of
ERK 1/2 activity [22]. This finding could explain why PDGFRS expres-
sion is increased in ALK-mutated anaplastic large cell lymphoma (ALCL)
which is resistant to crizotinib [10]. We showed both an upregulation of
PDGFRS and activity of its downstream components including ERK 1/2
and cyclin D1 in COA109 following crizotinib treatment. Furthermore,
we showed crizotinib-induced cell cycle progression, which may sug-
gest proliferation of a crizotinib-resistant tumor cell subpopulation. We
postulate that this cell subpopulation was responsible for the aberrant
tumor growth seen in vivo in the crizotinib treated animals.

Inhibition of PDGFR[ receptor signaling has also been investigated
in ALK-mutated malignancies, as research has demonstrated that ALK
mutations can increase transcription of its activator, JunB [8]. In ALCL,
the inhibition of PDGFR{ by iminatinib decreased tumor growth in mice
bearing xenografts, and iminatinib’s effects correlated with the levels of
PDGFRS expression in the tumor. That study also demonstrated PDGFRR
inhibition functioned in a synergistic fashion with crizotinib. It was ef-
fective at decreasing relapsed lymphoma growth, following an ALK in-
hibition relapse, when utilized in conjunction with CEP28122 (ALK in-
hibitor) [10]. Suntinib is another small molecule inhibitor of PDGFRR
and has been shown to both decrease its phosphorylation and expression
[46]. Sunitinib also has cytotoxic effects on neuroblastoma as well as off-
target effects on Axl [14]. In medulloblastomas, similar to crizotinib,
sunitinib decreased STAT3 activity as well as increased apoptosis [47].
Sunitinib also decreased AKT activity whereas crizotinib did not [47].
With this knowledge, we hypothesized that downregulation of PDGFR{
may be a potential therapeutic option for this tumor. The in vitro results
also suggested that sunitinib in combination with crizotinib functioned
in an additive fashion, with in vivo studies demonstrating sunitinib to
efficaciously decrease tumor growth independently and in combination
with crizotinib.

Despite what our in vitro findings would suggest, combining crizo-
tinib with sunitinib in vivo was not more effective than sunitinib alone.
These findings could be explained by the contribution of the tumor mi-
croenvironment, which is absent in vitro studies. It is well documented
the components of the tumor microenvironment, such as cancer asso-
ciated fibroblasts and mesenchymal stromal cells, contribute to tumor
progression, metastasis, and chemoresistance [48]. For example, in neu-
roblastoma, cancer associated fibroblasts can increase production of IL-6
[49] and it has been shown that IL-6 signaling leads to chemoresistance
of common therapeutics like BCL2 inhibitors [49,50]. Clearly, utilizing
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models that include the tumor microenvironment, like patient-derived
xenografts, are essential in pre-clinical drug testing.

This study only chose to investigate two of the many mutations iden-
tified in this tumor. Targeting both ALK and Tyro3 led us to expose
mechanisms of resistance and understand the modest outcomes with
crizotinib. Future studies will investigate the effects of sunitinib on the
COA109 tumor profile. Additionally, there are other mutations with po-
tential for chemotherapeutic targeting that may be explored. Although
many of these treatments have targeted the adult population, translation
to pediatrics could provide new therapeutic opportunities.

Conclusion

The establishment of a PDX of a rare, pediatric neuroendocrine-like
tumor allowed for the exploration of tumor biology and the translation
of the results into the investigation of targeted chemotherapeutics. In
this study, the results of the in vitro studies using crizotinib were not
replicated when tested in vivo, leading to the investigation of potential
resistance mechanisms and the identification of PDGFR{ signaling. We
subsequently targeted PDGFRB to overcome this resistance. The cur-
rent study has demonstrated some of the potential pitfalls to relying
solely on genetic sequencing for treatment and highlighted the need for
a more complete understanding of a drug’s effect on a tumor, leading us
to contend that caution should be exercised when employing crizotinib
in TYRO3/ALK mutated malignancies.
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