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Abstract

Background. The conditional reprogramming cell culture method was developed to facilitate growth of senescence-
prone normal and neoplastic epithelial cells, and involves co-culture with irradiated fibroblasts and the addition of
a small molecule Rho kinase (ROCK) inhibitor. The aim of this study was to determine whether this approach would
facilitate the culture of compact low-grade gliomas.

Methods. We attempted to culture 4 pilocytic astrocytomas, 2 gangliogliomas, 2 myxopapillary ependymomas, 2
anaplastic gliomas, 2 difficult-to-classify low-grade neuroepithelial tumors, a desmoplastic infantile ganglioglioma, and
an anaplastic pleomorphic xanthoastrocytoma using a modified conditional reprogramming cell culture approach.
Results. Conditional reprogramming resulted in robust increases in growth for a majority of these tumors, with
fibroblast conditioned media and ROCK inhibition both required. Switching cultures to standard serum containing
media, or serum-free neurosphere conditions, with or without ROCK inhibition, resulted in decreased proliferation
and induction of senescence markers. Rho kinase inhibition and conditioned media both promoted Akt and Erk1/2
activation. Several cultures, including one derived from a NF1-associated pilocytic astrocytoma (JHH-NF1-PA1)
and one from a BRAF p.V600E mutant anaplastic pleomorphic xanthoastrocytoma (JHH-PXA1), exhibited growth
sufficient for preclinical testing in vitro. In addition, JHH-NF1-PA1 cells survived and migrated in larval zebrafish
orthotopic xenografts, while JHH-PXA1 formed orthotopic xenografts in mice histopathologically similar to the
tumor from which it was derived.

Conclusions. These studies highlight the potential for the conditional reprogramming cell culture method to pro-
mote the growth of glial and glioneuronal tumors in vitro, in some cases enabling the establishment of long-term
culture and in vivo models.

Key Points
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Importance of the Study

Cell culture and xenograft models of pilocytic
astrocytoma and other low-grade glial and
glioneuronal tumors have been difficult to gen-
erate, but are critical for research into tumor biology
and new treatments. Many of these tumors show
relatively indolent growth, at least in part due to

Many brain tumors, including low-grade gliomas and
glioneuronal tumors in pediatric patients, as well as
infiltrating isocitrate dehydrogenase (IDH) 1/2 mutant
gliomas in adults are hard to model in the laboratory.
Sanden et al' attempted to establish cultures from 2 pedi-
atric pilocytic astrocytoma (PA) patient samples, but cells
could not be passaged for more than 3 generations. Kogiso
et al? injected 21 pediatric PA into the cerebellum of athymic
nude mice, but no tumor xenografts formed. They also cul-
tured 7 of these samples but failed to generate a cell line.
Recently a new model was reported in which growth of a PA
was maintained in culture, but required the introduction of
SV40 largeT antigen.®

One potential mechanism underlying difficulties in cul-
turing and modeling pediatric low-grade glioma (pLGG)
is oncogene-induced senescence. The majority of pLGGs
harbor an alteration of the BRAF gene.*® Alterations in
the BRAF locus which constitutively activate the kinase in
human melanocytes induce senescence-associated growth
arrest.” Similar mechanisms limit the growth of both pri-
mary pLGG samples and models of these tumors.®'° This
may be due in part to a senescence-associated secretory
phenotype.” Another major driver of pLGG formation,
loss of NF1, has also been associated with induction of
senescence.'?

Recently, a method resulting in conditionally repro-
grammed cells (CRCs) was developed to facilitate growth
of senescence-prone primary epithelia. Cells were
co-cultured with irradiated 3T3 fibroblasts in the presence
of Rho kinase (ROCK) inhibitor Y-27632. These conditions
led to reversible blockage of senescence and increased
proliferation.”® This method was subsequently applied
to cultures of normal and neoplastic cells from human
biospecimens, patient-derived tumor xenografts from out-
side the CNS, and murine tissues.'* '8 Conditionally repro-
grammed cells are reported to maintain signature genetic
changes in a stable fashion, and provide a unique tool for
preclinical research.'”'920 Here, we report that CRC con-
ditions facilitate the growth of pLGG and other circum-
scribed glial and glioneuronal tumors.

Materials and Methods
Tumor Dissociation and Cell Culturing

Human tumor specimens were collected at Johns Hopkins
Hospital with local Institutional Review Board approval,

oncogene-induced senescence, which makes them
difficult to study. Our study suggests that a modified
conditional reprogramming cell technique using con-
ditioned media from irradiated fibroblasts facilitates
modeling of these tumors and will enable preclinical
testing of potential therapies.

and written informed consent was obtained from patients
or their parents. Tissues were minced and digested with ei-
ther papain dissociation system (Worthington, Lakewood,
New Jersey) or TrypLE Express enzyme (ThermoFisher
Scientific, Grand Island, New York), then filtered through
a 70-um Falcon cell strainer (ThermoFisher Scientific).
Three different conditions were used to culture primary
cells: Dulbecco’s modified Eagle’s medium (DMEM)/F-12
Nutrient Mixture (Ham) medium (1:1) supplemented with
10% heat-inactivated fetal bovine serum (ThermoFisher
Scientific), designated FBS; FBS medium containing the
5 uM Y-27632 (Selleckchem, Houston, Texas) ROCK inhib-
itor, designated FBS +Y; and CRC medium. For CRC con-
ditions, irradiated (30 Gy) 3T3 fibroblasts were cultured in
F medium (3:1 [vol/vol] DMEM-F12, 10% heat-inactivated
FBS, and 5 pg/mL insulin [ThermoFisher Scientific]), con-
dition media were collected 48-72 hours later. CRC media
were prepared fresh with F medium/conditioned medium
(1:1 vol/vol) supplemented with 25 ng/mL hydrocortisone
(MilliporeSigma, Burlington, Massachusetts), 8.4 ng/mL
cholera toxin (MilliporeSigma), 10 ng/mL human recombi-
nant epidermal growth factor (EGF, PeproTech, Rocky Hill,
New Jersey), 5 uM Y-27632 (Selleckchem), 10 ng/mL gen-
tamicin (ThermoFisher Scientific), 250 ng/mL Fungizone
(ThermoFisher Scientific), and 100 pg/mL Penicillin—
Streptomycin (Quality Biological, Gaithersburg, Maryland).

Pediatric glioma cell lines Res186 and Res259 provided
by Dr. Chris Jones (Institute of Cancer Research, Sutton,
UK) were maintained in DMEM/F12 Ham medium sup-
plemented with 10% heat-inactivated FBS.?' DKFZ-BT66
cells provided by Dr. Till Milde (German Cancer Research
Center, Heidelberg, Germany) were maintained in astro-
cyte growth medium (Lonza) with 1% doxycycline.? All cell
lines were verified to be Mycoplasma free by periodic PCR
testing and subjected to routine cell line identity testing

The CellTiter-Blue cell viability assay kit (Promega,
Madison, Wisconsin) was used to count viable cells, with cells
seeded in 96-well plates at a density of 1000 cells per well.
For drug treatments, cells in 96-well plates were cultured
with different doses of Vinblastine, Carboplatin, or MEK162/
binimetinib (Selleckchem). Vehicle (Dimethyl sulfoxide)-
treated cells were used as controls and the cell survival frac-
tion was calculated as percentage of control cells.

Apoptosis assays were performed using Muse
Annexin V & Dead Cell reagent (MilliporeSigma) and a
Muse flow cytometer (Millipore). Cell cycle analysis and
Bromodeoxyuridine (BrdU) incorporation assays also util-
ized the Muse.
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[-Galactosidase staining for senescence was performed
according to the manufacturer’s instructions (#9680, Cell
Signaling Technology).

PCR and Sequencing

For targeted sequencing studies, genomic DNA was iso-
lated using the DNeasy Blood and Tissue Kit (QIAGEN,
Germantown, Maryland) according to manufacturer’s
instructions. For IDH1 sequencing, PCR product was
purified using MinElute PCR Purification Kit (QIAGEN).
The primers used for PCR amplification and sequencing
were: forward 5-AATGAGCTCTATATGCCATCACTG- 3,
reverse 5-TTCATACCTTGCTTAATGGGTGT-3".?2 Sanger
sequencing for IDH1 was performed at the Johns
Hopkins Genetic Resources Core Facility. Polymerase
chain reaction to test for BRAF p.V600E was performed
as described by Huang et al.?®

Next-generation sequencing (NGS) analysis of both
surgical specimens and DNA extracted from CRC cul-
tures was performed in the Johns Hopkins University
Department of Pathology molecular diagnostics lab-
oratory using standard clinical protocols. In brief, DNA
was captured with Kapa Roche reagents and Integrated
DNA technology probes, and sequenced using lllumina
paired end technology. Analysis was performed using
the human reference sequence genome assembly hg19
(NCBI build GRCh37) and an in-house variant caller (MDL
VC 8.0) as well as Haplotyper Genome Analysis TK-3.3.
Variants underwent further filtering with in-house algo-
rithms and annotation using the COSMIC database v91,
dbSNP v150, and Annovar (7042018) to confirm mutation
status.

Quantitative Real-time PCR

Total RNA was isolated from cultured cells using
RNeasy mini kit (QIAGEN), and cDNAs were produced
using QuantiTect reverse transcription kit (QIAGEN).
gRT-PCR was performed using PowerUp SYBR Green
Master Mix (ThermoFisher Scientific). Primer sequences
were NF1: forward 5-GTGGAATGGGTCCAGGC-3,
reverse 5-GACATTCCTTGTTG-3"; CDKN1B for-
ward 5- AAGAAGCCTGGCCTCAGAAG-3, reverse
5-TTCATCAAGCAGTGATGTATCTGA-3; HPRT1
forward 5-GTTATGGCGACCCGCAG-3, reverse 5
ACCCTTTCCAAATCCTCAGC-3. HPRT1 was used as the
endogenous control. The relative fold changing was calcu-
lated based on the formula R = 2—(ACtsample - ACtcontrol)

Immunofluorescence Staining

Cells were cultured on glass coverslips in 24-well plates
then fixed with 4% paraformaldehyde for 15 minutes at
room temperature (for glial fibrillary acidic protein [GFAP],
Nestin, smooth muscle actin [SMA], and Vimentin) or
100% ice-cold methanol for 15 minutes at 4°C (for NG2,
CD68, and a-tubulin). Primary antibodies used for immu-
nofluorescence staining were: Nestin (#MAB5326, 1:1000,
MilliporeSigma), GFAP (#3670, 1:300, Cell Signaling

Technology, Danvers, Massachusetts), Vimentin (#5741,
1:100, Cell Signaling Technology), NG2 (14-6504-82, 1:50,
eBioscience, San Diego, California), CD68 (#76437, 1:1000,
Cell Signaling Technology), and a-tubulin (#3873, 1:1000,
Cell Signaling Technology). Secondary antibodies used
for immunofluorescence staining were: Fluorescein (FITC)
AffiniPure Goat Anti-mouse IgG (115-095-205, 1:300,
Jackson ImmunoResearch Laboratories, West Grove,
Pennsylvania), Cy3 AffiniPure Donkey Anti-mouse IgG
(H+L) (715-165-151, 1:500, Jackson ImmunoResearch
Laboratories), and Cy3 AffiniPure Donkey Anti-rabbit
IgG (H+L) (711-095-152, 1:500, Jackson ImmunoResearch
Laboratories).

Western Blotting

Cells were lysed in RIPA lysis buffer supplemented with
protease inhibitors (MilliporeSigma). Primary antibodies
used for western blots were: p16 (sc-56330, 1:200, Santa
Cruz), p21 (#2947, 1:1000, Cell Signaling Technology), p27
(sc-1641, 1:500, Santa Cruz Biotechnology), p53 (#9282,
1:1000, Cell Signaling Technology), p4E-BP1(Thr37/46)
(#2855, 1:1000, Cell Signaling Technology), 4E-BP1 (#9644,
1:1000, Cell Signaling Technology), p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (#4370, 1:1000, Cell Signaling Technology),
p42/44 (#9102, 1:1000, Cell Signaling Technology),
pAKT(Ser473) (#4060, 1:1000, Cell Signaling Technology),
Akt (#4691, 1:1000, Cell Signaling Technology), ATRX (sc-
55584, 1:500, Santa Cruz Biotechnology), H3K27M (31-
11175-00, 1:10000, RevMab Biosciences), PARP (#9542,
1:1000, Cell Signaling Technology), GFAP (# 12389, 1:500,
Cell Signaling Technology), NF1 (A300-140A, 1:1000,
BethyLaboratories), pRb (Ser807/811) (#8516, 1:1000, Cell
Signaling Technology), Rb (#9309, 1:1000, Cell Signaling
Technology), pS6 (Ser235/236) (#2211, 1:1000, Cell
Signaling Technology), S6 (#2317, 1:1000, Cell Signaling
Technology), and B-actin (sc-47778, 1:5000, Santa Cruz
Biotechnology). Secondary antibody used for western
blots were: anti-mouse IgG HRP-linked (#7076, 1:5000,
Cell Signaling Technology) and anti-rabbit IgG HRP-linked
(#7074, 1:5000, Cell SignalingTechnology).

RNA Sequencing

Total RNA were isolated from 2 cell lines, JHH-NF1-PA1
and JHH-PXA1 cultured in CRC condition or 7 days after re-
moval of¥-27632 or condition media by using RNeasy mini
kit (QIAGEN). lllumine sequencing and data analysis were
performed by Novogene Corporation Inc (Sacramento,
California). Gene functions were annotated based on
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database.

Animal Xenografts

Murine and zebrafish studies were approved by the Johns
Hopkins Institutional Animal Care and Use Committee.
Intracranial xenografts in anesthetized animals (4- to
6-wk-old female athymic nude mice from Charles River)
were established as previously described.?
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The zebrafish background strain was “AB,” from the
Zebrafish International Resource Center (ZIRC) and
zebrafish xenotransplantation, largely followed a prior
procedure.?® At 2 days post-fertilization (dpf), zebrafish
embryos were dechorionated and anesthetized, and then
mounted dorsally in 1% low-melting-point agarose (Fisher
Scientific). Approximately 40-60 GFP-labeled cells were
injected (Dagan PMI-100 microinjector) into the optic
tectum. Afterward larvae were released into an incubator
and maintained at 28.5°C overnight. At 1 day postinjection
(dpi), larvae were screened for visible GFP+ cell mass at
injection site via stereo fluorescence microscopy (Olympus
SZX16, Center Valley, Pennsylvania). The localization of the
GFP-expressing cells was monitored by confocal intravital
microscopy (Olympus FV1000) at 1, 4, and 6 dpi, to observe
dissemination over time.

Experimental Rigor and Statistical Analysis

At least 3 biological replicates were performed for all in
vitro experiments and data were analyzed with 2-tailed
Student’s t test. All data are presented as mean = SD, and
P <.05 was considered significant.

Results

CRC Conditions Promote Growth of PA and Other
Noninfiltrative Gliomas In Vitro

Previously, we attempted to culture 17 PAs and other
noninfiltrative gliomas in high serum media, serum-free
neurosphere conditions, or both methods, but failed to
establish table cell lines (Supplementary Table 1). The first
tumor cultured using the CRC method was a PA from the
hypothalamus of a 14-year-old boy with neurofibromatosis
type 1 (NF1). Both radiographic and histopathological fea-
tures were typical of PA (Fig. 1A and B). An outline of the
culture approach is shown in Supplementary Figure 1A;
tumor cells were dissociated and grown in either media
supplemented with high serum alone (FBS), the addition
of ROCK inhibitorY¥-27632 (FBS+Y), or CRC conditions. The
appearance of cells was similar in the 3 conditions, with
growth as a monolayer of cells showing a variable mor-
phology and elongated processes (Fig. 1C; Supplementary
Figure 1B). However, growth was most robust in CRC
conditions, with several-fold more cells present as com-
pared to those cultured in FBS alone or with ROCK inhibi-
tion (Fig. 1D; Table 1). Cells grown in CRC conditions were
stable for up to 27 passages in terms of their appearance,
with a doubling time of approximately 30 hours after 8 pas-
sages. We designated this stable culture JHH-NF1-PA1. Cell
identity testing was performed at passages 10 and 20, with
a short tandem repeat profile identical to the tumor from
which it was derived (SupplementaryTable 2).

Pilocytic astrocytomas generally express markers
of glial differentiation such as GFAP, and are also
often immunoreactive for vimentin and nestin.26%7
Immunofluorescence analysis showed that JHH-NF1-PA1
cells cultured in CRC media were strongly positive for

vimentin, and more focally for the neural progenitor
markers nestin and NG2, which are commonly expressed
in gliomas including PA (Fig. 1E and data not shown).?8 In
contrast, immunostaining for the smooth muscle marker
SMA highlighted only rare larger cells which lacked fine
glial processes, suggesting that only a few myofibroblast-
like cells were present (Fig. 1F). Glial fibrillary acidic protein
was not expressed in this initial analysis, but after a short
period of growth in astrocyte-conditioned medium, GFAP
expression was detected in JHH-NF1-PA1 cells by both
western blot and immunofluorescence staining (Fig. 1G).

In a second pLGG culture, CRC43, at day 19, the ma-
jority of cells were vimentin and/or nestin positive, while
a significant number also expressed GFAP. As in JHH-
NF1-PA1, SMA-positive cells were larger, lacked fine glial
processes, and represented a small fraction of the cul-
ture. At day 29 in CRC conditions, we were able to under-
take a more extensive analysis of cellular differentiation
in CRC43. The culture remained largely fibrillary and glial
in morphology, with mainly nestin-positive and scattered
GFAP-positive cells showing long, fine processes (Fig. 1H).
A significant number of NG2-positive glial-appearing cells
were also present (Fig. 11). In contrast, cells expressing the
myofibroblast marker SMA or the microglial/macrophage
marker CD68 were much less common and lacked long,
fine glial processes (Fig. 1J). CRC27, a high-grade tumor
with H3 p.K27M mutation that arose from a PA, also largely
contained cells expressing vimentin and nestin or GFAP.
Thus, the bulk of these cultures are composed of cells with
glial or neural progenitor phenotypes, with only a minor
component of inflammatory cells or fibroblasts.

We cultured a total of 14 glial and glioneuronal tumors
with circumscribed growth patterns (Table 1). This included
additional PAs, hard to classify low-grade neuroepithelial
tumors from pediatric patients, gangliogliomas of various
grades, an anaplastic PXA, and a high-grade glioma with a
H3 p.K27M mutation arising from a PA diagnosed 10 years
previously which also harbored H3 p.K27M, ATRX, and NF1
mutations. In all cases for which multiple conditions were
tested, CRC media promoted enhanced growth as compared
to FBS or FBS with the ROCK inhibitorY-27632 (Table 1).

Genetic Stability in CRC Cultures

For tumors with signature genetic changes in the clinical
specimen, cultured cells were analyzed to confirm the
presence of similar molecular alterations. Short tandem re-
peat profiling was also performed on both primary tumor
material and cell cultures, with confirmation of identity in
all cases. JHH-NF1-PA1 was analyzed by western blot in
order to confirm loss of NF1 protein. Only a faint NF1 band
was identified in the first few passages, and after passage
8 no NF1 protein was present (Fig. 1K; Supplementary
Figure 1C). Reduced NF17 expression was also confirmed
at the mRNA level (Supplementary Figure 1D). No alter-
ations known to be associated with aggressive PA growth,
such as ATRX or CDKN2A loss, were identified by NGS
analysis in either the JHH-NF1-PA1 patient sample or CRC
cells. A BRAF p.V600E mutation was present in both the
primary anaplastic PXA specimen and the culture derived
from it (CRC18/JHH-PXA1, Fig. 2A and B) as detected by
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Fig. 1 Culturing of primary pilocytic astrocytoma cells. (A) Magnetic resonance imaging of tumor from which JHH-NF1-PA1 cells were derived. (B)
Representative H&E image of JHH-NF1-PAT1 primary tumor (x200, scale bar 50 microns). (C) Phase contrastimage of JHH-NF1-PA1 cultures. (D) Growth
of JHH-NF1-PA1 in CRC, FBS, or FBS + Y conditions. (E) Expression of nestin (left) and vimentin (right) in JHH-NF1-PA1. (F) Focal staining of SMA in JHH-
NF1-PA1. (G) Increased GFAP in JHH-NF1-PA1 cultured in astrocyte condition media, and immunofluorescent staining of these cells. (H) Glial fibrillary
acidic protein (green) and nestin (red) positive cells in JHH-CRC43. (I) NG2-positive cells in JHH-NF1-PA1. (J) Rare CD68-positive microglia in JHH-
NF1-PA1. (K) Western blots showing loss of NF1 in CRC cultures. CRC, conditionally reprogrammed cells; FBS, fetal bovine serum; GFAP, glial fibrillary
acidic protein; PA, pilocytic astrocytoma.
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Table1 Circumscribed Gliomas and Glioneuronal Tumors

Age/Gender Diagnosis

Molecular Passages

Characteristics FBS FBS/Y CRC CRC

CRC1 (JHH- 14M Pilocytic astrocytoma, Grade | NF1-associated + ++ ++++ >27
NF1-PA1)
CRC3 13M Anaplastic ganglioglioma, Grade lll BRAF p.V600E ++ o+t ++++ >16
CRC4 50F Anaplastic glioma with ependymal fea- Negative for IDH1/2 mu- ++ ++ ++++ >15
tures, Grade lll tations
CRC10 14F Ganglioglioma, Grade | BRAF p.V600E N/A  N/A ++++ >7
CRC14 10M Low-grade neuroepithelial tumor with N/A  N/A ++ >4
ependymal/astroblastic features, Grade
I/
CRC15 40F Pilocytic astrocytoma with anaplastic No growth
features, Grade |
CRC18 (JHH-PXA1) 40M Anaplastic PXA, Grade llI BRAF p.V600E + N/A ++ >20
CRC19 66M Myxopapillary ependymoma, Grade | + N/A + >6
CRC21 41F Myxopapillary ependymoma, Grade | + N/A ++ >7
CRC23 8F Low-grade neuroepithelial tumor with ~ No mutations detected + N/A ++ >5
features of DNET, Grade | by NGS
CRC27 21F Anaplastic glioma arising from pilocytic H3K27M, ATRX, and NF1 N/A N/A + >10
astrocytoma, Grade IlI/IV mutations
CRC32 9IM Desmoplastic infantile ganglioglioma, = BRAF p.V600delinsDL, N/A N/A +++ >17
Grade | MET p.A320V
CRC33 14M Pilocytic astrocytoma, Grade | NF1-associated N/A N/A ++ >16
CRC43 7F Low-grade glioma with pilomyxoid BRCA2, RET N/A N/A +++ >4

features

Abbreviations: CRC, conditionally reprogrammed cell; FBS, fetal bovine serum; FBS/Y, FBS medium containing the 5 pM Y-27632 ROCK inhibitor.

pyrosequencing and PCR analysis. The BRAF p.V600E al-
teration present in the CRC3 surgical specimen was also
confirmed by PCR in the cultures. However, while BRAF
p.V60OE was present in the low-grade ganglioglioma
giving rise to CRC10, we could not detect it in the cultured
cells. In CRC27, loss of NF1 and ATRX protein, as well as the
presence of mutant H3 p.K27M, was confirmed by western
blot (Supplementary Figure 1E), while in CRC43, the BRCA2
mutation was confirmed by Sanger sequencing.

To more broadly assess the genetic stability of CRC cul-
tures as compared to the tumors from which they were de-
rived, NGS data from the surgical sample and longer-term
cultures (at least 15 passages) were compared in detail for
JHH-NF1-PA1, CRC32, and CRC33. We did not identify any
new copy number alterations or clearly pathogenic mu-
tations in the cultures. With respect to mutations/single
nucleotide polymorphisms (SNPs) of no known clinical
significance, almost all alterations were detected in both
the surgical specimen and DNA from CRC cells, with only
minimal changes in Variant Allele Frequency in the range
of 1%-21%. A total of 6 alterations, all of no known clinical
significance, were present only in the surgical specimen or
in the CRC cells (supplementaryTable 3).

Growth of Xenografts Derived From CRC Cells in
Mice and Fish

In a subset of cultures, intracranial xenografts were at-
tempted. Cells from JHH-NF1-PA1 were injected into the

flank (n = 6) and cortex (n = 7) of athymic (nude) mice.
However, animals remained asymptomatic over 12 months
and no tumor cells were identified microscopically. In con-
trast, JHH-PXA1 (CRC18) formed orthotopic tumors in both
mice injected, and microscopic analysis revealed atypical,
somewhat epithelioid glial cells in the brain and leptome-
ninges morphologically similar to those in some regions of
the surgical specimen (Fig. 2C and D).

We also evaluated if JHH-NF1-PA1 cells could survive
and migrate in the brains of larval zebrafish prior to mat-
uration of their adaptive immune system. Larvae were in-
jected with approximately 40-60 GFP-tagged cells into the
midline in the optic tectum at 2 dpf. The GFP-expressing
tumor cells survived over 6 days in 23 of the 25 larvae
grown at 28°C. In some cases, the cells migrated caudally
within the developing spinal cord (Fig. 2E).

CRC-like Conditions Only Transiently Promote
the Growth of Primary IDH Mutant Tumors

JHH-273 is a patient-derived IDH1 mutant anaplastic
astrocytoma serial xenograft model.?® Cells from the JHH-
273 flank xenograft do not grow in vitro using serum or
serum-free medium with growth factors. We successfully
cultured JHH-273 derived cells in CRC conditions for up
to 8 passages and detected the IDH7 p.R132H (G/A) mu-
tation by Sanger sequencing (Fig. 3A and B). In contrast,
cells cultured in parallel in FBS media exhibited significant
cell senescence by 3-galactosidase staining and increased

775



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa263#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa263#supplementary-data

776

Yuan et al. Low-grade glioma models using CRC conditions

o wo

o)

& ’38« o = Al Ty ﬁ.t\.
\A : Q*’ & g \*’% ngwg\ary :ulf?r‘
e \%. ) ‘5\"".\ \ W 3

Day 1 Day 4

Day 6

Fig. 2 Xenografts of JHH-CRC cultures. (A) Representative H&E-stained image of JHH-CRC18 primary tumor (x400, scale bar 25 microns). (B)
Phase contrastimage of JHH-PXAT1 (CRC18) culture. (C, D) Representative H&E-stained images of JHH-PXA1 mouse xenografts (x100, x400, scale
bars 100 microns, 25 microns). (E) Confocal images showing migration of JHH-NF1-PA1 cells (green) in zebrafish xenografts, taken at x15 on days
1,4, and 6 postinjection. CRC, conditionally reprogrammed cells; PA, pilocytic astrocytoma.

expression of p21 on western blots (Fig. 3C). This suggests
that CRC conditions might also facilitate the growth of IDH
mutant gliomas. However, while 8 cell cultures derived
from primary IDH1 p.R132H mutant gliomas survived for
several passages, they grew poorly and were negative for
the mutation by Sanger sequencing.

CRC Conditions Reversibly Modulate Cell
Proliferation and Survival

To determine if conditional reprogramming of brain
tumor cells was reversible, we switched the JHH-NF1-PA1
culture to both standard FBS medium and serum-free

neurosphere medium supplemented with EGF and fi-
broblast growth factor (FGF). As shown in Fig. 4A and B,
growth of JHH-NF1-PA1 rapidly decreased over several
days in FBS medium, suggesting that ongoing CRC con-
ditions were required. Cell cycle analysis exhibited a de-
creased S-phase population, further confirmed by BrdU
incorporation assay (Fig. 4C and D). Cells grown in serum
also exhibited an increase of Annexin V-positive apop-
totic cells (Fig. 4E) as well as signs of senescence with
increased expression of p27 and acidic f-galactosidase-
positive cells (Fig. 4F-H). Growth inhibition, apoptotic
induction, and induction of senescence were also noted
when the CRC2, CRC3, and CRC4 cultures were shifted to
high serum growth conditions.
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Fig.3 Culturing of JHH-273 in CRC conditions. (A) Phase contrast
image of JHH-273 CRC cells. (B) The IDH1 mutation was present in
cultured cells. (C) Induction of senescence in FBS evidenced by
acidic B-galactosidase staining of JHH-273 (arrows), as well as in-
creased p21 expression in (D). CRC, conditionally reprogrammed
cells; FBS, fetal bovine serum; IDH, isocitrate dehydrogenase.

Serum-free conditions with added EGF and FGF growth
factors also failed to support robust growth. After switching
JHH-NF1-PA1 to this serum-free neural stem cell (NSC)
media, the cells stopped growing immediately. Addition
of a ROCK inhibitor to the NSC did not increase growth
(Supplementary Figure 2A and B). As was true for FBS con-
ditions, these cells showed increased apoptosis. Over 60%
of cells were AnnexinV positive, and a significant increase
was seen in cleaved PARP (Supplementary Figure 2C-E).
Induction of p27 was also noted (Supplementary Figure
2E). Similar results were obtained with CRC2, CRC3, and
CRCA4 cultures.

CRC Conditions Promote Akt and Erk Activity

The mechanism(s) by which CRC conditions promote in
vitro growth are not well understood. Suprynowicz et al®°
demonstrated that in some conditionally reprogrammed
epithelial cells, Akt phosphorylation is decreased, while
[-catenin activation, expression of WNT targets such as
Axin2, and mTOR signaling are all increased. In our PA1
and PXA1 glioma cells grown in CRC conditions, we
found that Akt phosphorylation increased as compared
to cultures lacking ROCK inhibitor or conditioned media
(Supplementary Figure 3A). In contrast, markers of mTOR
signaling including phosphorylated 4E-BP1 and S6 pro-
tein levels did not change, nor did mRNA levels of WNT
targets such as Axin2 (Supplementary Figure 3B and
data not shown). Another study suggested that a natural
p53 isoform contributes to conditional reprogramming
and long-term proliferation of primary epithelial cells,
and that overall p53 protein levels are increased.3' While
conditioned media removal seemed to reduce p53 pro-
tein levels to a degree, overall we did not see a clear as-
sociation between p53 and CRC conditions in the 2 lines

tested (Supplementary Figure 3A). Other cell cycle pro-
teins such as Rb, p21 and p27 were also not affected by
removal of ROCK inhibitor or conditioned media, how-
ever, both seemed to promote Erk1/2 phosphorylation
(Supplementary Figure 3A and B).

To determine how the ROCK inhibitor and conditioned
media affect gene expression within tumor cells more
broadly, eitherY-27632 or conditioned media were removed
from JHH-NF1-PA1 and JHH-PXA1 and RNAseq data were
compared to cells grown in complete CRC media. In both
of these tumor cultures, removal of conditioned media re-
sulted in more prominent alterations than removal of the
ROCK inhibitor (Supplementary Figure 4A and data not
shown). KEGG pathway analysis of these data identified
reductions in TNF signaling which could potentially im-
pact Akt activity following removal of conditioned media
in both JHH-NF1-PA1 and JHH-PXA1 cells (Supplementary
Figure 4B), as well as removal of ROCK inhibitor from
PXA1 cells. KEGG analysis also suggested that removal of
conditioned media from both PA1 and PXA1 cells, as well
as ROCK inhibitor from PXA1 cells could inhibit Akt and Erk
via reductions in cAMP (Supplementary Figure 4C).

CRC Cell Lines Can Be Used for
Therapeutic Testing

JHH-NF1-PA1 was derived from a patient treated with
carboplatin, bevacizumab, and everolimus prior to surgical
removal of the recurrent tumor used to generate the line.
JHH-NF1-PA1 cells were more resistant to carboplatin than
3 other PLGG cell lines—Res186, Res259, and DKFZ-BT66—
perhaps due to this prior clinical exposure (Fig. 5A).The re-
sponse to vinblastine, an agent sometimes used to treat
pLGG but not in this patient, was more promising. JHH-
NF1-PA1 cells responded to the drug in the nM range, as
did the other 3 pLGG cell lines (Fig. 5B). Vinblastine binds
to B-tubulin and inhibits mitotic spindle formation, and
after 6 hours in 2 nM vinblastine, JHH-NF1-PA1 cells were
at least partially arrested in G2/M phase by cell cycle anal-
ysis (Fig. 5C). Immunostaining for a-tubulin detected few
normal spindles as compared to vehicle treated control
cells (Fig. 5D). The treatment did not significantly induce
cell apoptosis (Fig. 5E).

We also tested the effects of the MAPK pathway inhib-
itor MEK162 (binimetinib) in 2 cultures with genetic alter-
ations activating BRAF, as well as the JHH-NF1-PA1 cells.
JHH-PXA1, JHH-NF1-PA1, and the culture derived from
a desmoplastic infantile ganglioglioma (JHH-CRC32)
showed growth inhibition over 5 days (Fig. 5F). Inhibition
of MAPK signaling by MEK162, as evidenced by suppres-
sion of Erk phosphorylation, was documented by western
blot analysis (Fig. 5G).

Discussion

The CRC technique was previously mainly used to fa-
cilitate the growth of benign and neoplastic epithelial
cells.’®171% Here, we harnessed this approach to develop
experimental models for low-grade gliomas and other
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Fig. 4 Switching JHH-NF1-PA1 cultures to FBS condition induced apoptosis, senescence and inhibited cell proliferation. (A, B) Slow growth of JHH-
NF1-PA1 cells switched to FBS conditions. (C) After 7 days in FBS conditions, JHH-NF1-PA1 cells accumulated in G1 phase. (D, E) Decreased proliferation
(BrdU+ cells) and increased apoptosis (Annexin V assay) after the switch to FBS conditions. (F, G) Levels of p27 protein and mRNA also increased when
JHH-NF1-PA1 was cultured in FBS. (H) Induction of acidic 3-galactosidase-positive cells in FBS (*P< .05, ** P<.01). BrdU, bromodeoxyuridine; FBS, fetal
bovine serum; PA, pilocytic astrocytoma.
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neuroepithelial tumors which have been historically dif-
ficult to propagate in standard serum or serum-free
conditions. In studies by the Schlegel group, where this
approach was discovered, cells were grown on an irradi-
ated feeder layer of 3T3 cells.”® In our modified approach,
conditioned media from irradiated 3T3 cells was used in
place of feeder cells. Overall, we found that compact glial
and glioneuronal tumors, most of which were low grade,
grew better in CRC conditions than in standard high
serum or serum-free media.

Pilocytic astrocytomas, including several which arose
in patients with neurofibromatosis, represent one tumor
type which benefitted from this new approach. Prior
studies generally relied on genetically engineered mouse
models for NF1-associated PA research.®?3%® The human
NF1-associated PA culture we describe here, JHH-NF1-PA1,
provides an additional model system with which to study
the biology of these tumors. A second NF1-associated PA
culture, JHH-CRC33, was useful for some initial low pas-
sage studies.

Importantly, drug sensitivity testing of JHH-NF1-PA1 par-
alleled prior in vivo responses in the patient from which it
was derived. These cells originated from an optic pathway
glioma that progressed after treatment with carboplatin
and everolimus as single agents. Our results recapitulated
the carboplatin resistance and revealed sensitivity to vin-
blastine. We previously reported that this tumor was re-
sistant to everolimus.3® These initial studies support the
utility of CRC cultures such as this for preclinical thera-
peutic testing.

Additional new models of rare tumor types reported in
this study include an anaplastic ganglioglioma with BRAF
p.V600E mutation, an anaplastic PXA with BRAF p.V600E
mutation, a desmoplastic infantile ganglioglioma with
BRAF and MET mutations, an anaplastic glioma with
H3 p.K27M, ATRX, and NF1 mutations that initially pre-
sented as a PA and then recurred after many years, and
a low-grade glioma with pilomyxoid features and muta-
tions in BRCA2 and RET.The BRAF-altered anaplastic PXA
and desmoplastic infantile ganglioglioma cultures were
both treated with the MAPK pathway inhibitor MEK162
(binimetinib), and this clinically active compound inhibited
their growth in the low nanomolar range.3”38 Prior studies
have shown in vivo inhibitory effects of MEK162 in murine
glioblastoma xenografts, suggesting that it can penetrate
into the brain.®® These results suggest that such inhibitors
could be beneficial in patients harboring gliomas with sim-
ilar features.

The mechanisms by which ROCK inhibition and fibro-
blast conditioned media promote glioma growth are not
entirely clear. Unlike prior studies in epithelial cells, our
results in CNS tumors did not reveal alterations in p53,
WNT, or mTOR activity.3%3" However, we did find that
CRC conditions promoted Akt1 and Erk1/2 phosphoryla-
tion, and broader analysis of gene expression using RNA
sequencing provided additional support for changes in
these pathways. Importantly, molecular comparisons be-
tween primary tumor samples and CRC cultures indicated
that growth was not due to the accumulation of new ge-
netic drivers in vitro. These results suggest that mech-
anisms through which CRC conditions enhance ex vivo

growth may vary depending upon the tissue of origin and
underlying mechanisms.

Our studies also revealed that a subset of CRC cultures
could be used to generate xenografts in mice or zebrafish.
The anaplastic pleomorphic xanthoastrocytoma-derived
JHH-PXA1 cells formed orthotopic xenografts which mi-
croscopically resembled the tumors from which they
were derived in athymic mice. These neoplastic masses
took 9-12 months to form, a time course consistent with
that of another recently described PXA xenograft model.?
In contrast, JHH-NF1-PA1 did not establish either flank
or intracranial xenografts in athymic mice. Interestingly,
optic glioma cells from the murine NF1 model gener-
ated glioma-like lesions in immunocompetent wild-type
mice, but not in athymic nude mice, providing a pos-
sible explanation.?® Recently, Pan et al*' reported that
T-cell-microglia interaction is required to establish a
microenvironment for NF1 low-grade glioma growth in
athymic nude mice. Our group and others have recently
developed methods to xenograft human tumor cells in
immunocompetent mice, which might provide a more
appropriate microenvironment for establishing pLGG
xenografts,4243

Zebrafish xenografts represent an additional rapid
and cost-effective in vivo model system for tumor xeno-
grafts. The models can be established with fewer cells,
and the adaptive immune system is not yet established
in early embryonic or larval stages. The short experiment
timeframes and convenience of tracking tumor cells in
translucent larvae make zebrafish a powerful tool for
drug screening.*46 Zebrafish are typically raised at 28°C,
which can slow the growth of human tumor cells. Eden
et al*’ developed a method to adapt both fish and cells to
34°C for orthotopic xenograft of murine pediatric brain tu-
mors. More recently, Yan et al*® adapted immune-deficient
adult zebrafish to 37°C and shown that this facilitates suc-
cessful intraperitoneal engraftment of numerous non-CNS
cancer types.

In summary, CRC conditions facilitate growth of a subset
of pLGG and other brain tumors which have not been ame-
nable to other culture methods. Our mechanistic studies
indicate that CRC conditions enhance proliferation path-
ways while suppressing apoptosis and the induction of se-
nescence in a reversible fashion. Novel models generated
using these techniques will provide opportunities for in
vitro and in vivo drug screening, mechanistic studies, and
other research on low-grade gliomas associated with NF1
or driven by sporadic mutations such as BRAF p.V600E.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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