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Abstract

Background. Diffuse intrinsic pontine glioma (DIPG) is a devastating pediatric cancer with unmet clinical need.
DIPG is invasive in nature, where tumor cells interweave into the fiber nerve tracts of the pons making the tumor
unresectable. Accordingly, novel approaches in combating the disease are of utmost importance and receptor-
driven cell invasion in the context of DIPG is under-researched area. Here, we investigated the impact on cell in-
vasion mediated by PLEXINB1, PLEXINB2, platelet growth factor receptor (PDGFR)o, PDGFRp, epithelial growth
factor receptor (EGFR), activin receptor 1 (ACVR1), chemokine receptor 4 (CXCR4), and NOTCH1.

Methods. We used previously published RNA-sequencing data to measure gene expression of selected receptors
in DIPG tumor tissue versus matched normal tissue controls (n = 18). We assessed protein expression of the corre-
sponding genes using DIPG cell culture models. Then, we performed cell viability and cell invasion assays of DIPG
cells stimulated with chemoattractants/ligands.

Results. RNA-sequencing data showed increased gene expression of receptor genes such as PLEXINB2, PDGFRa.,
EGFR, ACVR1, CXCR4, and NOTCH1 in DIPG tumors compared to the control tissues. Representative DIPG cell lines
demonstrated correspondingly increased protein expression levels of these genes. Cell viability assays showed
minimal effects of growth factors/chemokines on tumor cell growth in most instances. Recombinant SEMAA4C,
SEM4D, PDGF-AA, PDGF-BB, ACVA, CXCL12, and DLL4 ligand stimulation altered invasion in DIPG cells.
Conclusions. We show that no single growth factor-ligand pair universally induces DIPG cell invasion. However,
our results reveal a potential to create a composite of cytokines or anti-cytokines to modulate DIPG cell invasion.

Key Points
e Multiple receptors are overexpressed at RNA and protein levels in DIPG patients.
e Cell invasion activated in some DIPG cell lines upon chemoattractant stimulation.

* SEMAA4C, SEM4D, PDGF-AA, PDGF-BB, ACVA, CXCL12, and DLL4 induce cell invasion in
DIPG.

Diffuse intrinsic pontine gliomas (DIPG) are rare pediatric brain  deaths.® DIPGs originate in the pons, which controls the essen-
tumors consisting of about 10%-20% of all brain tumors in tial biological functions such as breathing, blood pressure and
children.’2 DIPG is the foremost cause of pediatric brain tumor heart rate,* and infiltrate the brainstem? and often metastasize
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Importance of the Study

DIPG is a fatal pediatric brain tumor with ra-
diotherapy as the only standard treatment op-
tion to date. DIPG is among the greatest unmet
needs among childhood brain tumors, in part
because DIPG tumor cells weave themselves
into the neural fabric of the pons nerve cell tracts
and because no treatments meaningfully work.

to other parts of the brain such as subventricular region®
making surgical resection impossible.>® The onset of DIPG
occurs between the ages of 4-11 years with an overall me-
dian survival of approximately 9-11 months and a 5-year
survival rate of less than 1%.3% Unfortunately, the only pal-
liative mode of treatment is fractionated radiation therapy
(54-59 Gy over 30 fractions)® with transient effect. With the
advent of genomic and biochemical studies, availability of
biopsy and autopsy samples from DIPG patients, and newly-
developed DIPG animal models, new treatment avenues
such as targeted therapies and immunotherapies are under
extensive investigation; however, new strategies have not
yet yielded breakthrough treatments.”® One of the main
hindrances in effective drug delivery to the brain has been
the blood-brain barrier.® Hence, DIPG is one of the greatest
unmet clinical needs among childhood brain tumors and
has constantly challenged the scientific community to pose
novel strategies to tackle the disease.

In past decades, an increasing number of published
studies have demonstrated that overexpression of recep-
tors/cytokines and their ligands is a common phenom-
enon in numerous human cancers of pancreas, cervix, and
breast.'-2 Classically, the receptor/ligands axes partici-
pate in cell signaling to promote cell-cell communication,
cell proliferation, and cell migration and invasion during
mammalian development.'® However, aberrant expression
of receptors/cytokines do play a key role in cell transfor-
mation and tumor formation and progression.” 314 While
multiple studies have been conducted examining the role
of growth factors/receptors/cytokines in adult brain cancer
cell invasion,’®'® the cell growth and invasion capacity of
receptors/ligands axes in DIPGs is still emerging.”” For
example, certain factors such as HAS2'8" are intriguing.
In this study, we shortlisted receptors/ligands that are
overexpressed in various malignancies based on pub-
lished cancer studies®"1420-27 and investigated their roles
in DIPG.

Specifically, we focused on PLEXINBs/SEMA4s sub-
classes of plexin/semaphorin signaling axes, platelet
growth factor receptor (PDGFR)a, PDGFRp, epithe-
lial growth factor receptor (EGFR), activin receptor 1
(ACVR1), chemokine receptor 4 (CXCR4), NOTCH1 and
the previously identified chemoattractant complex PTN,
HSP90B, SPARC, and SPARC-L that are overexpressed
in malignancies of breast, liver, and brain.0.1.13.22,23,26-32
Herein, we assessed gene and protein expression pat-
terns of the receptors in tumor tissues and DIPG cell
models, respectively. Next, we examined the cell growth

Hence, development of unique approaches to
overcome DIPG is quintessential. In this study,
we examined multiple chemokines/receptors
and their ligands that participate in cell inva-
sion. This study investigates the creation of a
composite of cytokines to selectively attract
(and trap) DIPG tumor cells.

properties of selected ligands in selected DIPG cell
models followed by the invasion capabilities of DIPG
cells upon ligand stimulation. Results provide evidence
of elevated gene and protein expressions of PLEXINB2,
PDGFRa, EGFR, ACVR1, CXCR4, and NOTCH1 in tumor
tissues compared to control tissues. Results further re-
vealed instances of cell line specific effects of ligands
SEMAPHORIN4C (SEMA4C), SEMAPHORIN4D (SEM4D),
platelet-derived growth factor (PDGF-A, PDGF-B and
PDGF-C), and delta-like ligand 4 (DLL-4) on cell invasion
in DIPG cell culture models.

Methods and Materials
Human DIPG Cell Culture

Patient-derived pediatric/adolescent (DIPG) cell lines/
neurospheres and young adult cell lines (control) were
used in this study. DNA fingerprinting via short tandem
repeat analysis was performed routinely to authenticate
all cell cultures used for experiments (Supplementary
Table 1.1). Tumor cell culture SF-8628 was grown in
Dulbecco Eagle Media (DMEM, Thermo Fisher Scientific
(Thermo), cat#11995065) supplemented with 10% fetal
bovine serum (FBS, Thermo, cat#26140079), 1% peni-
cillin & streptomycin antibiotics (Thermo, cat#15140122)
and 1% L-glutamine (Thermo, cat#25030081). CHLA-200
cell culture was grown in Iscove’'s Modified Dulbecco’s
Medium (Thermo, cat#12440061) with 10% FBS, 1%
penicillin/streptomycin, 4 mM L-glutamine (Thermo,
cat#25030081) and 1x insulin, transferrin and selenous
acid (Corning Life Sciences, cat#41400045). DIPG 4, DIPG
13, DIPG 17, and DIPG 24 were maintained in Complete
Tumor Stem Media (TSM)3334 and the media composi-
tion is provided in Supplementary Tables 3.1 and 3.2. All
cell cultures were maintained in an incubator at 37.0°C,
5% CO,, 20% O,.

Human DIPG Cell Lines Characteristics and the
List of Receptors and Their Ligands

A complete description of DIPG cell lines used in the experi-
ments is provided in Supplementary Table 1.2. Also, repre-
sentative light microscopy images of the 5 cell lines most
frequently used in this study are shown in Supplementary
Figure S2. Supplementary Table 1.3 illustrates the list of


https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data

ligands and their respective receptors used in this study.
An expanded summary of the physiological and biological
activity ranges of the recombinant proteins used in this
study is shown in SupplementaryTable 2.

RNA Sequencing

RNA sequencing data were accessed from a previous pub-
lication (dbgap ID: phs001526.v1.p1).** DIPG tumor and
their respective normal control samples (n = 18) were ana-
lyzed to measure RNA expression profiles.

Western Blot Analysis

Whole cell protein lysates were prepared using RIPA
lysis buffer (Thermo, cat# 89901) supplemented with
HALT protease/phosphatase inhibitor cocktail (Thermo,
cat# 78440). The protein extracts were subjected to BCA
protein assay to determine the concentration (Thermo,
cat# 23227). Protein samples (20-30 pg) were resolved
using (4%-20% or 7.5% or 10%) SDS-PAGE gels (Bio-Rad,
cat#456-2023, cat# 456-1024, cat# 456-1033). Proteins
were then transferred to Polyvinylidene difluoride (PVDF)
membranes using the Mini-Transblot System (Bio-Rad,
cat# 1658030). Membranes were subjected to blocking
in 5% milk prepared in Tris-buffered saline with 0.1%
Tween-20 for 2 h at room temperature. Membranes were
incubated in primary antibodies overnight at 4°C. The
primary antibodies used for this study are provided in
Supplementary Table 4.1. After washing steps, the mem-
branes were further incubated at room temperature for
1 h using Horseradish peroxidase (HRP) conjugated sec-
ondary antibodies: anti-mouse (Vector Laboratories, cat#
P1-2000,), anti-rabbit (Vector Laboratories, cat# PI-1000).
Immunoblots were subjected to Enhanced chemilum-
inescence (ECL) (Bio-Rad, cat# 1705061) and visualized
using FluorChemQ imaging machine (Protein Simple).

Recombinant proteins used for cell viability and invasion
assays are provided in SupplementaryTable 4.2.

Cell Viability Assay

The DIPG cells were seeded post serum starvation in
serum-free (SF-8628) and growth factor-free (GFs) media
(DIPG 4, DIPG 13, DIPG 17, and DIPG 24). The dissociated
cells were resuspended in recombinant ligands at various
concentrations and were seeded in triplicates into 96-well
plates (Thermo, cat#1360) at 500 cells/well (SF-8628) and
2000 cells per/well for DIPG 4, DIPG 13, DIPG 17, and DIPG
24 using multichannel pipette. The cells were placed in the
incubator for 72 h and cell viability was measured using the
CellTiter-Glo luminescent reagent (Promega, cat# G7570)
in a BioTek plate reader. Experiments were conducted in
triplicates.

Cell Invasion Assay

In order to determine the effect of chemoattractant on cell
invasion toward serum/GF containing standard media
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or ligand (chemoattractant), cells were dissociated into
single-cell suspensions using Trypsin-EDTA (Thermo, cat#
25300062) orTrypLE Express Enzyme (Thermo, cat# 12604-
021). For all invasion assays, we used Biocoat Growth
Factor Reduced Matrigel Invasion Chamber (Corning, cat#
354480), per manufacturer’s instructions. All experimental
conditions were performed in triplicate. For SF-8628 cell
line, 50,000 cells were resuspended in serum-free DMEM
media and seeded into the transwell inserts on the top
chamber. DIPG 4, DIPG 13, DIPG 17, and DIPG 24 cell lines
cell were resuspended inTSM media containing B27-A and
heparin but no GFs and seeded at 100,000 cells per well
16 h post serum/GFs starvation.The ligands (chemoattract-
ants) were diluted in serum and GFs free media and plated
to the bottom well transwell at 700 pL per well. In all the
experiments, either (+) serum or (+) GFs were used as pos-
itive controls and the treatment groups were normalized to
either (-) serum or (-) GFs controls.

The cell suspensions and the chemoattractant com-
binations were incubated for 72 h and assayed by a
colorimetric crystal violet assay for quantification of inva-
sion.3® Briefly, postincubation, the media from the upper
chamber and lower chambers was aspirated and the
noninvading cells were removed from the inner part of the
insert using cotton swab. The invading cells that passed
through the Matrigel-coated membrane were fixed with
4% paraformaldehyde followed by washing steps. Next,
the cells were stained using 0.1% crystal violet dye in 10%
methanol. The inserts were washed and air-dried before
eluting the dye with 10% acetic acid. The dye intensity of
the eluates was measured at a wavelength of 595 nm using
a Biotek plate reader.

Statistical Analyses

The RNA-seq data were analyzed using the analysis of
variance (ANOVA) or Kruskall-Wallis as appropriate. In
invasion assays, to compare control and cytokine-treated
groups, ANOVA followed by Dunnett's multiple compar-
ison tests was performed. We performed 2-tailed with a
significance level of 5% using R1 software.®® All graphs
were plotted using GraphPad Prism software.

Results

PLEXINBs and PDGFRs Are Differentially
Expressed in DIPG Tumor Tissues and Cell
Cultures

To quantify the overall gene expression of cell-surface re-
ceptors in human DIPG tissue samples, we referred to the
RNA-sequencing data previously generated® and com-
pared the mRNA expression between DIPG tumor tissues
(n = 18) with matched normal tissue samples (n = 18).
PLEXINB1 gene expression was decreased in DIPG tu-
mors comparison to their matched normal samples
(Figure 1A), whereas PLEXINB2 mRNA levels were ele-
vated in tumor samples versus normal samples, albeit not
significant (Figure 1B). The gene expression in 2 of the 3
PLEXINB ligands, SEMA4D and SEMA4F, was significantly
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Figure 1. Aberrant gene and protein expression pattern in DIPG tumor tissues cell lines. (A-C) Box and whisker plots show the relative gene ex-

pression of PLEXINB1 and PLEXINBZ2 receptors and their known ligands, SEMA4C, SEMA4D, and SEMA4F in normal and DIPG tumor sam-
ples. The mRNA expression is shown in reads per kilobase of exon per million reads mapped (RPKM). (D—F) mRNA expression of PDGFR (o and f3)
and their preferred ligands PDGF-AA, PDGF-BB, and PDGF-CC in both normal and DIPG tumor samples. (* denotes P< .05, and ** denotes P<
.01). (G,H) Immunoblots of receptors, PLEXINB2, PLEXINB1, PDGFRc., and PDGFRP show aberrant expression in DIPG tumor cell lines. CHLA 200 and
SJ-GBM2 are non-DIPG cell lines and serve as controls. DIPG cells: DIPG 4, DIPG 6, DIPG 13, DIPG 17, DIPG 24, SF-8628, and VU-DIPG A. 3-ACTIN

and GAPDH were used as loading controls.

downregulated in tumor tissues versus normal tissues,
while SEMA4C gene expression was increased (Figure
1C). The gene expression of platelet-derived growth factor
receptors (PDGFR (a and B)) showed differing expression

patterns. While PDGFRa expression was significantly
upregulated in tumor tissues in comparison to the normal
samples, PDGFRp expression was downregulated in DIPG
tumor tissues than the normal tissues (Figure 1D and E).



While PDGF-A and PDGF-B ligands were downregulated
in tumor tissues in comparison to normal tissues, PDGF-C
mRNA level was upregulated (Figure 1F). Overall, the data
reveal variation in the expression levels of PLEXINBs and
PDGFRs in the DIPG tumor samples.

To evaluate the protein expression profile of the PLEXIN
and PDGFR genes in cell line model systems, we con-
ducted western blot analyses on whole cell lysates from
DIPG cell lines. PLEXINB1 was robustly expressed in DIPG
17 and DIPG 24 only (Figure 1G). DIPG 6, DIPG 13, DIPG
17, and DIPG 24 showed elevated protein expression of
PLEXIN-B2 versus DIPG 4, SF-8628, and VU-DIPG-A as de-
picted by a mature, processed alpha-subunit band and
beta-subunit band (Figure 1G). Interestingly, all 3 cell lines
expressing low PLEXINB2, occurred in the adherent cell
lines DIPG 4, SF-8628, and VU-DIPG-A with the exception
of DIPG 24. Thus, we speculate that PLEXINBs’ expres-
sion might be associated with the cell growth properties.
Next, PDGFRa showed robust protein expressions in all
cell lines with DIPG 6 demonstrating the highest expres-
sion. In contrast, PDGFRf expression varied greatly be-
tween the cell lines while DIPG 4, SF-8628, and VU-DIPG-A
showed a robust protein expression (Figure 1H). CHLA 200
and SJ-GBM2 cells expressing high protein levels are non-
DIPG controls used for the immunoblot analyses. The re-
sults reveal the occurrence of similar trend for gene and
protein expression of receptors, PLEXINBs and PDGFRs in
DIPG tumor tissues and cell culture models.

Next, we investigated gene and protein expression pattern
of additional signaling receptors (Figure 2A and B). Notably,
the expression of signaling receptors, EGFR, ACVR1, IL-13Ra.2,
CXCR4, and NOTCH1 were significantly upregulated in the
DIPG tumor samples in comparison to the normal sam-
ples. The Low-density lipoprotein receptor-related protein
1 (LRP1) expression was also elevated, whereas tyrosine-
protein kinase Met (c-MET) expression was lower in DIPG
tumor tissues compared to the normal control samples.
Hyaluronan synthase 2 (HAS2), the enzyme that metabol-
izes hyaluronan (HA) is shown to be elevated in diffusely
infiltrating astrocytomas.®® Indeed, HAS2 was upregulated
in the DIPG tumor samples versus normal control tissues
(Figure 2A). We show additional genes that are significantly
upregulated in DIPG tumor tissues over the normal samples
(Supplementary Figure S1). Immunoblot analyses revealed
consistent and robust expression for ACVR1, HAS2, IL-13Ra2,
CXCR4, NOTCH1, and LRP1, whereas EGFR and c-MET re-
vealed a stochastic expression pattern in the DIPG cell lines
(Figure 2B). In recent years, somatic mutations in histone
the H3 protein have been identified in gliomas and DIPGs.
Particularly, H3F3A, H3.3 histone variant mutation is present
in >70% of all DIPGs.®” Consistent with the previous findings,
all DIPG cell lines showed H3.3 elevation including DIPG 4
cell line which consists of H3.1K27M mutation.% Taken to-
gether, we conclude that gene and protein expressions of the
investigated receptors/cytokines, with some exceptions, are
elevated in DIPG tumor tissues and cell culture models.

Cytokine Stimulation Induces Minimal Cell
Growth in DIPG Cell Models

To assess the effect of cytokines/ligands on cell growth,
we stimulated the DIPG cell lines with increasing
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concentrations of cytokines and measured cell viability
after 72 h. As illustrated in Figure 3A, tested DIPG cell lines
showed little to no cell growth upon SEMA4C and SEM4D
receptor stimulation irrespective of PLEXINBs’ expression.
In the tested low PDGFRo+ cell lines, SF-8628 and DIPG 13
showed the highest cell growth upon addition of the ligand
PDGF-AA. Next, PDGF-BB showed slight overall elevation
in cell growth among the tested cell lines, with the excep-
tion of DIPG 24. Cell stimulation with PDGF-CC, the ligand
of PDGFRap, showed elevated growth in DIPG 13 and
DIPG 24 (Figure 3B). Nevertheless, the overall cell growth
remained minimal to mild upon ligand stimulations in
PDGFR expressing cells. We also investigated the cell via-
bility effect of additional cytokines, that is, ACTIVIN A, EGF,
PTN, CXCL12, I.-13, and DLL4 (Figure 3C-H) in DIPG cells.
Among the ACVR1+ cell lines, DIPG 13 had elevated cell
growth relative to other cell lines at higher ACVA stimula-
tion (Figure 3C). In EGFR+ cell lines, SF-8628, DIPG 4, and
DIPG 24, cell growth was minimal at lower EGF concentra-
tion (Figure 3D). Interestingly, as shown in Figure 3E-H,
despite a robust protein expression of CXCR4, IL-13Ra2,
and NOTCH1 receptors, the cell growth of SF-8628, DIPG
4, DIPG 13, DIPG 17, and DIPG 24 was affected minimally
upon cell stimulation by CXCL12, I-13, and DLL4 ligands.
Thus, our data suggest that DIPG cell lines expressing ele-
vated levels of receptors show minimal cell viability upon
ligand stimulation with the exception of some cell lines
such as DIPG 24, whereby cell growth is robustly elevated
upon cell stimulation by PDGF-BB and PDGF-CC.

SEMAPHORINs and PDGF's Promote Cell Invasion
in Multiple DIPG Cancer Cells

To determine the invasive capacity of DIPG cells upon
cytokine/ligand induction, we used Matrigel-coated inva-
sion chambers. We stimulated PLEXINB expressing DIPG
cell lines using SEMA4C alone, SEMAA4D alone, and the
combination of SEMA4C and SEMA4D. Low PLEXINB1
and PLEXINB2 expressing cell line, SF-8628, showed
a significant increase in cell invasion under all stimula-
tion conditions in comparison to the untreated group
(Figure 4A). Next, the low PLEXINB1 and low PLEXINB2
expressing cell lines, DIPG 4 and DIPG 13 revealed in-
creased but statistically insignificant to no cell invasion at
all treatment conditions (Figure 4A). DIPG 24, the cell line
expressing high levels of both PLEXINB1 and PLEXINB2
showed increased but statistically insignificant DIPG cell
invasion poststimulation. Overall, these results confirm
that SEMA4C or SEMAA4D alone can activate cell invasion
similar to that of the combined ligand treatment in the
tested cell lines irrespective of PLEXINBs' expression.
PDGF growth factors are essential in basic postnatal
biological functions in cell growth via chemotaxis, cell
division, and blood vessel formation.?®3® Mutation, am-
plification, deletion, and fusions in PDGF receptors and
ligands have been reported in glioblastoma, pancreatic
cancer,” ovarian cancer,® and DIPG.3?> Next, we exam-
ined the invasion effect of DIPG cells following stimu-
lation by PDGF receptor associated ligands, PDGF-AA,
PDGF-BB, and PDGF-CC (Figure 4B and Supplementary
Figure S3). Classically, PDGF-AA preferably binds to the
alpha form of the PDGFRa?'2%3"; PDGF-BB binds to both



https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab039#supplementary-data

Karki et al. Chemokines in DIPG

A EGFR ACVR1 HAS2 c-MET
8§ 154 15 = 15 = 15 =
c
o.c *kk
33 —
w—
o ®
2 & 104 10 4 10 4 10 4
et
°3
z 2
« C
o Q9
O= 5o 5= 5= 5=
8 E
©
o)
o
0 = () w—p—— 0= 0 =
Tumor Nomal Tumor Nomal Tumor Nomal Tumor Nomal
IL-13Ro.2 CXCR4 NOTCH1 LRP1
= 25 = 70 = 50 = ke 50 =
3 **
2 60 4 -
S B 20 - 40 = 40 =
2g 50
[SI]
g E 15' 40. 30' 30'
ol o]
S8 30
= g 10 = 20 - 20 -
g9 20 4
o€ 5 - 10 10
S 10 =
o)
o 0 = 0 = 0 = O w——p—
Tumor Nomal Tumor Nomal Tumor Nomal Tumor Nomal
B
< [
ol o %g«?t?&&t@'&%
S2vor=dga R FCRCRORORORORORORG)
Soooooogn Sprtdoaoaana
TIiooaadPy wuoooo0o0oo0
Owobobon> 44kDa—E=2_ 1. 1 CXCR4
| _ - -
175 kDa |.— =3 ‘EGFR 300 kD3 =
57 kDa—‘ *—-—- '-|ACVR1 120 KD3 e - bl - NOTCH1

37 kD@ =] o e e = s wmem ot | GAPDH

64 kD | el ==~ =% HAS2

37 KDa —| e W W SN GAPDH 5666686

ET 85kDa=—[= == ® - = - ]LRP1
7 —) — = = v
BBi=—m= =~ | MET 37k —[E T T W === =]GAPDH
37 KD e GAPDH

800993859

44kDa—® | smem o |IL-13Re2 BEcoobhSo
37 KD = e e s e e s s | GAPDH 18 kDa—{ - "HS'B
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for the immunoblots. GAPDH and 3-ACTIN were used as loading controls.
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Figure 3. Ligand stimulation of multiple cell-surface receptors have minimal cell viability effect in DIPG cell lines. (A-H) Selected DIPG cell

lines were treated with recombinant ligands at increasing concentrations to activate their respective receptors. The ligands used are SEMAA4C,
SEMA4D, PDGF-AA, PDGF-BB, PDGF-CC, ACTIVIN A, EGF, PTN, CXCL12, IL-13, and DLL4. Note: DIPG cell lines used are SF-8628, DIPG 4, DIPG 13,
DIPG 17, and DIPG 24 but not all cell lines are used for all ligand treatments. Cell viability values were normalized to untreated controls.

alpha and beta?'?' receptors; and PDGF-CC binds to both
alpha and beta forms of PDGFRs.?"2%31 |n case of SF-8628,
which expressed PDGFRa (mild) and PDGFRp (high) pro-
teins, no significant cell invasion occurred upon PDGF-AA
alone stimulation, but cell invasion significantly increased
upon PDGF-BB alone stimulation (Figure 4B). Notably,
cell invasion in DIPG 4 (PDGFRa- and PDGFRf(+) was sta-
tistically significant upon stimulation by PDGF-AA alone,
PDGF-BB alone and PDGF-CC alone. DIPG 13 and DIPG 24
(PDGFRa- and PDGFRp-) revealed opposite cell invasion
trends. Upon PDGF-AA alone, PDGF-BB alone and PDGF-CC
alone stimulation, DIPG 13 showed no effect and DIPG 24
showed increased to significantly increased cell invasion.

Interestingly, while stimulation by the combination of all 3
ligands in SF-8628, DIPG 4 and DIPG 24 increased invasion,
the effect was comparable to that of PDGF-BB stimulation.
However, in DIPG 13, the cell invasion capacity was not af-
fected by combined ligand stimulation. Hence, these data
suggest that PDGFR ligands PDGF-AA alone and PDGF-BB
alone can stimulate cell invasion in DIPG cell culture models
at varying capacity irrespective PDGFRs’ expression pro-
file highlighting the possibility of DIPG cell line-dependent
binding affinity of PGFRs/PDGFs. Supplementary Table 5
displays an overview of the selected DIPG cell lines, pro-
tein expression of the growth factors/cytokines, and the re-
sponse to growth factors/cytokines.
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Increased cell invasion stimulated by PLEXIN and PDGFR ligands in multiple DIPG cell lines. (A) SF-8628, DIPG 4, DIPG 13, and DIPG 24

celllines were used for the invasion assays. The recombinant ligands SEMA4C and SEMAA4D were added individually or in combination at 200 ng/mL
concentrations. (B) The recombinant ligands PDGF-AA, PDGF-BB, and PDGF-CC were added at 100 ng/mL concentrations in all the experiments. All
experiments were performed in triplicates. The (+) serum and (+) growth factors (GF) data served as positive controls and (-) serum and (-) GF were
used as negative controls. (* denotes P< .05, ** denotes P< .01, and *** denotes P<.001).

ACVA, CXCL12, and DLL4 Ligands But
Not EGF Stimulate Cell Invasion in a
Patient-Specific Manner

Besides PLEXINBs and PDGFRs, our gene and protein ex-
pression analyses showed upregulation of additional re-
ceptors in the DIPG tumor tissues and cells. Hence, we
sought to investigate the invasion capacity of the cyto-
kines/ligands of EGFR, ACVR1, CXCR4, and NOTCH1 re-
ceptors in DIPG cancer cells. In ACVR1 expressing cell
lines (DIPG 4, DIPG 24, and SF-8628), we found that ACVA
stimulation increased (statistically insignificant) inva-
sion in all cell lines compared to untreated control group
(Figure 5B). In contrast, the EGFR expressing cell lines
(SF-8628 and DIPG 24) had reduced cell invasion upon
EGF stimulation (Figure 5A). CXCR4 expressing cell lines
(SF-8628>DIPG 24) showed inverse influence on cell in-
vasion post-CXCL12 stimulation, that is, the invasion ac-
tivity was significantly increased in DIPG 24, whereas in
SF-8628 invasion was lower than the control (Figure 5C).
Lastly, the effect of DLL4 induced cell invasion in high to
low NOTCH1 expressing cell lines, that is, DIPG 24 > DIPG
4 > SF-8628 showed increased invasion of all 3 cell lines

with no statistical significance versus control. The inva-
sion activity was greatest in SF-8628 followed by DIPG 4
and DIPG 24 cell lines. Notably, the invasion capacity of
DIPG cells is inversely proportional to the protein expres-
sion of the receptors, ACVR1, CXCR4 and NOTCH1.These
results suggest that multiple factors participate to pro-
mote cell invasion in DIPG tumor cells albeit at varying
capacity.

Cell Line-Dependent Invasion Effect of Previously
Identified PTN Chemoattractant Complex on
DIPG Cell Lines

Qin et al. (2017) showed a novel chemoattractant com-
plex secreted by neural precursor cells consisting of PTN,
HSP90p, SPARC, and SPARC-L molecules. The study dem-
onstrated that the combination of all 4 chemoattractants
would activate the RhoA/ROCK signaling pathway and ul-
timately signal DIPG cells to invade to the subventricular
zone.®® Hence, we wanted to explore the invasion capacity
effect of these 4 cytokines in DIPG cell culture models. We
assessed the invasion effect of PTN alone, HSP90@ alone,
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Figure 5. Invasion activity shown by multiple recombinant ligands in different DIPG cell lines. (A) Invasion in SF-8628 (100 ng/mL) and DIPG 4
(200 ng/mL) cell lines was unchanged or decreased following EGF stimulation. (B) ACVR stimulation by ACVA ligand (100 ng/mL) showed increased
effects in SF-8628. DIPG 4. and DIPG 24 cell lines. (C) CXCR4 recentor stimulation bv CXCL12 liaand (100 na/mL) decreased invasiveness in SF-8628
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SPARC alone, SPARC-L alone and the combination of all 4
molecules in SF-8628, DIPG 4, and DIPG 24 cell lines. (Note:
the concentration used in our study is 500 ng/mL per mol-
ecule instead of 100 nM used by??, ie, 5.6 nM for HSP90p,
6.7 nM for SPARC-L, 14 nM for SPARC, and 27 nM for PTN).
As shown in Figure 6, the invasion effect of the chemoat-
tractant complex significantly increased in SF-8628 cells
but not in DIPG 4 and DIPG 24. Interestingly, HSP90p alone
significantly increased the invasion activity in SF-8628.
However, this effect was not seen in DIPG 4 and DIPG 24.
In both SF-8628 and DIPG 24 cell lines, a molecule alone
was able to stimulate cell invasion greater than the un-
treated controls. However, DIPG 4 showed minimal change
in invasion upon cell stimulation in all treatment groups in
comparison to the untreated control. These findings sug-
gest that the invasion capacity of the PTN complex varies
between cell lines.

Discussion

Here, we demonstrate that receptor molecules, PLEXINB2,
PDGFRs, EGFR, ACVR1, CXCR4, and NOTCH1 are highly
expressed both transcriptionally and translationally in
DIPG tumor tissues and in multiple DIPG cell lines, re-
spectively. The cell growth assay confirmed minimal cell
viability post cytokine-induction in the tested DIPG cell
lines. Upon cytokine stimulation with SEMA4C, SEMA4D,
PDGF-AA, PDGF-BB, ACVA, CXCL12, or DLL4, elevate cell
invasion in DIPG cell lines with consistent trends across
independent biological replicate. However, we observed
experiment-to-experiment variation which could be due to
confounding factors, namely, biological variance, the na-
ture of the assay, and cell passage-dependent variation,*°
but confirmatory experiments are required.

Previous findings have recognized that SEMA4C has a
high affinity toward PLEXINB2%° and PLEXINB1 preferen-
tially binds to SEMA4D.4' Additionally, PLEXINB1/SEMA4D
is overexpressed in other cancer types, such as breast, liver,
and colon?84142 gnd has been shown to participate in tumor
progression.*? Likewise, PLEXINB2/ SEMAA4C signaling
axis is involved in cell growth and cell invasion in breast
cancer and glioblastoma.’%254142 Qur studies revealed that
DIPG tumor tissues expressed overall lower gene levels of
PLEXINB1 in comparison to PLEXINBZ2, and that the ligand
(SEMA4C) was highly expressed in tumor tissues and notin
SEMA4D and SEMA4F. In invasion assays, we observed that
SEMAA4D increased invasive potential versus SEM4AC. This
phenomenon might have occurred because of low endog-
enous PLEXINB1 expression in the DIPG tested. However,
to precisely assess the potency of each ligand, knockdown
studies or antibody inhibitory studies are required.

Our findings show that PDGF-AA and PDGF-CC in-
creased invasion in some tumor cell lines is offset by the
observation that PDGF-BB ligand potently enhanced cell
invasion in all 4 DIPG cell lines. These findings are con-
sistent with previous studies where PDGF-BB enhanced
cell migration in comparison to PDGF-AA and PDGF-CC
in breast cancer.*® Furthermore, overexpression of
PDGF-BB ligand alone could contribute to the activation
of PDGFR signaling pathways as alluded previously.
Future studies require knockdown or antibody blocking/
neutralizing experiments to elucidate the role of each li-
gand in DIPG cell invasion. Interestingly, EGFR showed
high gene expression and varying protein levels in DIPG
tissues and cells, which is on par with other cancer
types.®*4> However, unlike other reported findings,?%46
our studies also revealed unchanged or decreased cell
invasion upon EGF induction. Activin A receptor type
I (ACVR1) binds to activin and is also a member of
bone morphogenesis protein and transforming growth
factor-g (TGF-B) family.#?#8 ACVR1 participates in cell
motility, cell viability, cell migration, and cell invasion
in prostrate, ovarian, and breast cancers.*®%" Recently,
ACVR1 has claimed to be a distinctive marker of DIPG
whereby ACVRT1 is recurrently mutated and may coor-
dinate with H3.1K27M to enhance DIPG pathogenesis in
the context of ACVR1 R206H mutation.?6The ACVRT mu-
tation status in each cell lines need to be studied in order
to determine the effect of ACVR1 mutation on invasion
in DIPG.

The receptor/ligand binding required optimum concen-
trations to induce biological effect. A study by Zhu et al.
(2010) reported the FGFR/FGF signaling axes could only
stimulate DNA synthesis at an optimum dose of 300 pg/
mL of FGF but the higher concentration of 100 ng/mL or
more had minimal effect.?? It is important to note that in
our studies we exposed DIPG cells with supramaximal
concentrations of the ligands/cytokines for stimulation
purposes except for DLL4 ligands. Hence, additional ex-
periments need to be performed at low ligand concentra-
tions. A limitation of our study is that the cell lines might
not be entirely representative of the in vivo tumor micro-
environment for many reasons, including the lack of tumor
cell heterogeneity.>®

In summary, we performed analyses of receptor/ligand
axes to determine RNA/protein expression and invasion
profile in DIPG tissues and cell lines. We took a novel ap-
proach for assessing cancer cell invasion in DIPG cell cul-
ture models. We reveal that no single growth factor-ligand
pair universally induces DIPG cell invasion. However, that
it will be challenging to translate these results into effective
therapy, but results offer the possibility that a compromise
of cytokines could be created to selectively attract and trap
DIPG cells and prevent them from distant infiltration.

butincreased cell invasion in DIPG 24 cell line. (D) NOTCH1 receptor ligand, DLL4 showed increased invasion in all tested DIPG cell lines (SF-8628,
DIPG 4, and DIPG 24) at 10 ng/mL concentration versus controls. All experiments were performed in triplicates. The (+) serum and (+) growth fac-
tors (GF) data served as positive controls and (-) serum and (-) GF were used as negative controls. (* denotes P< .05, ** denotes P< .01, and ***

denotes P<.001).
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DIPG 4 DIPG 24

Figure 6. Invasion stimulation by previously published® chemoattractant complex in DIPG cell lines. The effect of either individual or the combi-
nation of each chemoattractant treatment was minimal in DIPG 4 cell lines compared to unstimulated control group. DIPG 24 showed comparable
increased invasiveness upon individual and combination chemoattractant treatments in comparison to the untreated group. The (+) serum and (+)
growth factors (GF) served as positive controls and (-) serum and (-) GF data were used as negative controls. (* denotes P< .05, ** denotes P<.01).
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