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Abstract

Background. Malignant gliomas, the most common malignant brain tumors in adults, represent a heterogeneous
group of diseases with poor prognosis. Retroviruses can cause permanent genetic alterations that modify genes
close to the viral integration site.

Methods. Here we describe the use of a high-throughput pipeline coupled to the commonly used tissue-specific
retroviral RCAS-TVA mouse tumor model system. Utilizing next-generation sequencing, we show that retroviral
integration sites can be reproducibly detected in malignant stem cell lines generated from RCAS-PDGFB-driven
glioma biopsies.

Results. A largefraction of common integration sites contained genesthat have been dysregulated or misexpressed
in glioma. Others overlapped with loci identified in previous glioma-related forward genetic screens, but several
novel putative cancer-causing genes were also found. Integrating retroviral tagging and clinical data, Ppfibp1 was
highlighted as a frequently tagged novel glioma-causing gene. Retroviral integrations into the locus resulted in
Ppfibp1 upregulation, and Ppfibp1-tagged cells generated tumors with shorter latency on orthotopic transplanta-
tion. In human gliomas, increased PPFIBP1 expression was significantly linked to poor prognosis and PDGF treat-
ment resistance.

Conclusions. Altogether, the current study has demonstrated a novel approach to tagging glioma genes via for-
ward genetics, validating previous results, and identifying PPFIBP1 as a putative oncogene in gliomagenesis.

Key Points

Gliomas comprise a broad group of diseases that display a  malignancy grade among gliomas, Glioblastoma (GBM) rep-
wide range of genetic alterations and pathological pheno- resents the most frequent and also most aggressive type of
types. Classified as grade IV astrocytoma, the highest glioma.'
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Importance of the Study

Malignant gliomas are common primary brain tumors
with high morbidity and mortality. Their intertumoral
differences suggest they arise from distinct cells of
origin and their strong resistance to standard therapy
proposes a large variety of potential driver genes.
Platelet-derived growth factor (PDGF) signaling is fre-
quently upregulated in gliomas but PDGF-targeted ther-
apies have not yet proven successful in clinical trials.

Based on transcriptional profiling, GBM has been further
divided into three distinct molecular subtypes, referred to
as proneural (PN), classical (CL), and mesenchymal (MS).2
Some of the most commonly mutated genes across all
GBM subtypes include tumor suppressor genes like PTEN,
TP53, and RB1,2 but also receptor tyrosine kinases such as
EGFR and PDGFRA. PGDFRA amplification can be found in
all GBM subtypes but is most abundant within the PN sub-
type. In addition, PDGFRA activation by PDGF ligands (A-C)
is an early event in the GBM initiation,* while PDGF ligands
B and D can also stimulate PDGFRB. Autocrine stimulation
with the PDGFB-chain can induce murine gliomas morpho-
logically resembling human GBM.® Furthermore, PDGFRA
activation in distinct cell types like astrocytes or oligoden-
drocyte precursor cells creates a pool of glioma initiating
cells.b7

Yet, despite extensive research into the underlying tumor
biology, GBM remains still essentially incurable, with cur-
rent treatment options, including combinations of surgery,
radio-, and chemotherapy, leaving patients only with a
dismal <2-year median survival prognosis, prompting the
exploration of alternative therapeutic avenues such as tar-
geted therapy.8 However, personalized medicine based on
target cancer genes in turn requires knowledge about the
individual cancer genes and their interacting roles in tumor
development.

One valuable group of methods for detecting collabor-
ating cancer genes, beyond the molecular profiling of GBM
biopsies from patients, is referred to as forward genetic
screens.® Particularly, the technique is based on the use of
mutagenic agents, such as retroviruses'®" or transposon
systems,’? which allow the overexpression of a particular
oncogene in a host cell, while at the same time causing
insertional mutations through integration into the host’s
genome. Mutations that are beneficial to tumor develop-
ment are then expected to be enriched due to the growth
advantage conveyed to the respective host cells, thus en-
abling the identification, ie tagging, of putative cancer
genes as those genomic loci hit more frequently than ex-
pected by chance.'®

Utilizing a recombinant PDGFB-encoding Moloney
murine leukemia virus (MMLV) to establish a mouse
glioma model, we previously demonstrated the useful-
ness of the forward genetic screen for tagging putative
glioma-related genes.'®' However, as different families
of retroviruses might display diverging insertional pref-
erences,'® it appears relevant to validate the results of

Here we use a retroviral forward genetic screen with a
high-throughput sequencing approach to identify genes
potentially collaborating in PDGF-driven glioma initi-
ated from tissue-specific promoters in mice. The screen
identified putative cancer genes that correlate with
poor prognosis in glioma patients with elevated PDGF
pathway signatures but also genes that are glioma spe-
cific or that define distinct brain cell types.

such an effort via another mutagenic agent. Furthermore,
many early studies, including our own screen, identified
the retroviral integration sites in the host genome via
comparatively cumbersome and less high-throughput
workflows involving eg PCR-based protocols for se-
quence enrichment/amplification followed by directed/
Sanger sequencing, and finally a BLASTn run to map
the identified sequences.’®6-18 Yet, with the increasing
availability of next-generation sequencing (NGS) tech-
niques, much more high-throughput and automated
strategies of annotating such genomic loci have be-
come possible.’

Accordingly, the current study aimed to further ad-
vance our previous forward genetic screen in glioma by
studying retroviral tagging using a different retrovirus,
ie, the replication-competent Avian sarcoma-leukosis
virus (ASLV) long terminal repeat (LTR) with a Splice
acceptor (RCAS). The RCAS/TVA model is a frequently
used genetically engineered model systems developed
to follow tumor development in mice.?’ The system is
particularly useful in delineating functional drivers of
malignant brain cancer from tissue-specific promoters
active in neural,?" astrocytic,”’ and oligodendrocyte
progenitors.?? To the best of our knowledge, RCAS has
not yet been extensively studied as a mutagenic agent
in forward genetic screens. In addition, while the pre-
vious MMLV-PDGFB-based forward genetic screen was
tissue-unspecific, the RCAS-based system is allowing
the targeting of distinct cell types during glioma devel-
opment,?® thus enabling us to compare tissue-specific in-
tegration preferences. Finally, the current study presents
a novel pipeline for detecting and processing the tagged
genomic loci using NGS methods. In summary, the re-
sults of this study provide an independent validation of
our previous forward genetics screen and a more robust
and streamlined approach to detecting candidate glioma
genes collaborating with PDGFB.

Methods

A flowchart of the overall procedure pursued in the cur-
rent study is depicted in Figure 1, the individual steps
of which will be briefly described below. For a more de-
tailed account of the utilized materials and methods, the
reader is referred to the Supplementary Material. A list of
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Fig.1 Flowchart depicting the methodological strategy employed in the current study. (A) Mouse gliomas were induced by PDGFB using RCAS/
tv-a brain tumor models, after which cell lines are established and genomic DNA is extracted. (B) DNA fragments including the proviral sequence
are pulled down using a hybridization probe capture protocol, sequenced, and mapped against the mouse genome. (C) Putative retroviral integra-
tion sites are detected as characteristic alignment peaks of softclipped reads. (D) The preliminary list of integration sites is filtered to remove po-
tential false positive hits. (E) The integration direction of each retroviral insertion site is determined by analyzing the alignment of the softclipped
read parts against the proviral sequence. (F) Integration sites are annotated against RefSeq genes. (G) Tagged, putative cancer genes are de-
tected as common insertion sites across cell lines. (H) Tagged genes and loci are characterized in vitro and evaluated in the context of human
GBM patient clinical data.

primers used for different validation steps can be found in ~ RCAS-based system encoding for PDGFB®723-25 or from
SupplementaryTables 3 and 4. glioma cell lines already established from biopsies of gen-
erated brain tumors as previously described.”?327 Genomic

) ) ) DNA was extracted as described in the Supplementary
Animal Experiments and Tumor Cell Lines Material and used in NGS (Figure 1A).

All animal experiments were conducted according to the

Swedish Animal Welfare Act and were approved by the  Hybridization-Based Capture and Sequencing
Uppsala Animal Research Board (ethical permit C114/13).

Methods used were in accordance with standards set with A hybridization-based capture protocol was employed,
national guidelines. Mouse gliomas were induced via an  utilizing probes specific to the RCAS proviral sequence to
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pull down DNA fragments including only the integrand
or integrand-host junctions. NGS of this enriched pool of
DNA fragments followed by an alignment to the mouse
genome would then produce a list of softclipped reads, ie
reads with one part mapping to the mouse genome, while
the remainder is unmapped, ie potentially mapping to the
proviral sequence (Figure 1B). Two different probe designs
were employed, ie an initial design targeting the entire
proviral sequence and a later design targeting only the
start and end of the sequence including the LTR sequences
(Supplementary Figure 1A). As the two designs produced
highly comparable downstream results (Supplementary
Figure 1B), the data from both were utilized equivalently
throughout the study.

Integration Site DetectoR (InSiDeR)

Assuming a mapping result with softclipped reads, a viral
integration site (IS) is expected to produce a very specific
alignment pattern, ie a peak consisting of reads that are all
softclipped at the position where the virus is integrated into
the genome (Figure 1C, Supplementary Figure 1C).To iden-
tify ISs, we developed a Perl program (InSiDeR; Integration
Site DetectoR; https://github.com/UppsalaGenomeCenter/
InSiDeR) that extracted the genomic coordinates at which
such alignment peaks occurred in the sequencing results.
InSiDeR works both for short-read and long-read NGS data
and has previously been used also for detection of CRISPR-
Cas9 off-target cleavage sites.?®

Removal of Putative False-Positive
Integration Sites

After the initial identification of putative ISs, further map-
ping analyses against both mouse genome and RCAS
proviral sequence were performed to filter potential false
positives (Figure 1D). Reads originating from a true IS
would be expected to exhibit a part that unambiguously
maps to the mouse genome and a softclipped sequence
that consistently maps against the proviral sequence.
The initial list of reads contained numerous cases in
which the mouse-mapping sequence was comparatively
short and displayed a high mapping score to the RCAS
sequence (Supplementary Figure 2B), suggesting pu-
tative false positives (Supplementary Figure 2B and C).
Conversely, in other cases, only a small fraction of the
softclipped sequence was mapped to the RCAS sequence
(Supplementary Figure 2D and E), representing other puta-
tive false positives.

Detection of Integration Direction

In retroviruses, the 5 and 3’ LTRs have been shown to ex-
hibit differences in their enhancer/promoter functions,?®
and thus the orientation of the retroviral integration into
the host genome has been considered an important factor
determining how gene transcription can be altered.”1330
Specifically, to exert a promoter activation on a gene, the
insertion must be located upstream and in sense orienta-
tion, while enhancer activations are usually considered to

occur from antisense integrations upstream or sense inte-
grations downstream of genes."

To determine the direction for each previously iden-
tified IS, we followed the rationale proposed by Sarver
et al.?' Specifically, knowing from which site of an integra-
tion each softclipped read originated, based on the align-
ment against the genome, the direction was determined
by requiring that the softclipped sequences consistently
mapped against either the forward or the reverse strand
of the proviral sequence (Figure 1E, Supplementary Figure
2E). Of note, for some integration sites the integration di-
rection could not be determined, as the associated pool
of reads displayed inconsistent alignment orientations
(Supplementary Figure 2E), typically with softclipped
sequences from one site of the integration showing a dif-
ferent orientation than sequences from the other site. In
some of these cases, the entire pool of reads displayed
some junctions of RCAS sequences with opposite strand
orientations, suggesting the potential presence of tandem
integrations (Supplementary Figure 2F).

Integration Site Annotation

All individual ISs were annotated against a list of RefSeq
genes (Figure 1F). Specifically, integrations were either
(i) annotated with all genes with transcriptional start sites
(TSSs) at most 100 kb from the IS (to inspect the integra-
tion environment), (ii) with the single gene with the most
proximate TSS (in order to study retroviral integration lo-
cation preferences), or (iii) with any gene directly hit by the
IS or with aTSS or transcriptional end at most 50 kb distant
from the IS (for extracting IS-related genes).

Detection of Common Insertion Sites

Putative glioma loci were identified as common insertion
sites (CISs), ie genomic regions that harbored more inte-
gration sites across different cell lines than expected by
random chance (Figure 1G). For sake of comparison with
our previous forward genetic screen, we used the same
Monte Carlo-based definition of a CIS, requiring two in-
tegrations within a 30 kb genomic window, three integra-
tions within a 50 kb window, or at least four integrations
inside a 100 kb window.'®'® The obtained RCAS-PDGFB
CISs were compared to the CIS landscapes of various other
forward genetic screens, including our previous MMLV-
PDGFB system,' utilizing raw integration coordinates
from the RTCGD database®? and an integrative approach
(Supplementary Figure 3) previously described.3?

Clinical and Functional Characterization of
Selected Loci

To rank/score CISs prior to functional validation, various
clinical and molecular aspects of the tagged target genes
were inspected in the context of a human GBM dataset
from The Cancer Genome Atlas (TCGA) (Figure 1H).
Specifically, for each tagged gene that could be mapped
to a human ortholog, analyses were conducted to esti-
mate (i) correlation of gene expression values with PDGFB,
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PDGFRA, or PDGFRB, within or across GBM subtypes, (ii)
differential gene expression between GBM subtypes, (iii)
overall survival difference between patients with high and
low expression of the tagged gene, either across all sam-
ples or within PDGFB-high, PDGFRA-high, or PDGFRB-high
groups, respectively, and (iv) frequencies of mutations,
amplifications, and deletions of the tagged gene in GBM
patients.

Results

Establishment of Cell Lines From
PDGFB-Driven Gliomas

Mouse gliomas were induced in transgenic animals
through a cell type-specific oncogene transfer using the
RCAS-PDGFB system. By expressing the avian retroviral
receptor tumor virus A (tv-a) under the respective trans-
gene, malignant tumor transformation was driven from
GFAP expressing cells (G/tv-a),®3* Nestin expressing cells

(N/tv-a),635 CNPase expressing cells (C/tv-a),”?* or Pax-3
expressing cells (P/tv-a)?® (Supplementary Figure 4A).
Beyond the particular transgene, tumor models also dif-
fered in age (neonatal or adult) and biological background
(wild type, Ink4A/Arf deficient, or p53 deficient) of the mice
(Supplementary Figure 4A). There was a clear link between
the aggressiveness of the tumors and the ability to derive
cell lines from biopsies of such tumors. Specifically, the
tumors that could be cultured in glioma stem cell condi-
tions’?’ to produce a glioma cell line typically also exhib-
ited a shorter latency in mice as compared to the tumors
that did not grow in vitro (Supplementary Figure 4B).

Characterization of RCAS Integration Patterns

The described targeted whole-genome sequencing pipe-
line provided not only a highly automated solution for
identifying retroviral integration sites but also allowed the
characterization of the RCAS integration pattern.

After removal of putative false positives, 3418 inser-
tion sites were retained, of which 938 were found across
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the 63 cell lines and 2480 were identified across 14 bi-
opsies. Thus, when compared to the tumor biopsies,
the tumor-derived cell lines showed on average signif-
icantly fewer insertion sites (Figure 2A), suggesting
that only the most malignant clones are able to grow in
vitro, while many retrovirally induced passenger muta-
tions might have been lost. In addition, the number of
proviral integrations found in the mouse genome correl-
ated with PDGFB levels (Figure 2B). When compared be-
tween the different transgenes, mouse age groups, and
genetic backgrounds (Supplementary Figure 5A-C), only
the division by background corresponded to a signifi-
cant (P < .05) difference in integration numbers among
cell lines, with the WT lines receiving significantly fewer
integrations than the Arf”~ and p53~/- lines. Since there
was a strong overrepresentation of WT cases among
the G/tv-a and newborn samples, another compar-
ison was conducted including only Arf”- and p53~- cell
lines (Supplementary Figure 5D and E), which instead
suggested even a significant difference in integration
numbers between transgenes (significantly more in-
tegrations in G/tv-a as compared to C/tv-a) but not be-
tween mouse age groups.

Gene set overlap analyses also indicated that RCAS in-
tegrations might target different groups of genes in the
various transgene models (Supplementary Figure 5G-l).
Consistent with the previously published observation
that RCAS-PDGFB-induced gliomas driven from G/tv-a
cells appeared more stem cell-like and self-renewing as
compared to the more differentiated N/tv-a and C/tv-a
models,?® I1S-related genes in the G/tv-a model showed
an enrichment of stem cell signatures (Supplementary
Figure 5G and J), while I1S-associated genes in the N/tv-a
and C/tv-a models displayed an enrichment of more
differentiated, astrocyte-, glial-, and oligodendrocyte-
related gene sets (Supplementary Figure 5H-J). When
combining the models in a single gene ontology (GO)
analysis, the IS-related genes demonstrated a clear
enrichment of (neural) developmental pathways
(SupplementaryTable 1).

A large fraction (~46%) of all integration sites lay
within 5 kb distance of the TSS (or directly within the
intron/exon) of just a single gene, and even when
inspecting distances of up to 100 kb around ISs, the ma-
jority of insertions still resided only in the vicinity of a
single gene (Figure 2C). In fact, ISs displayed a clear
tendency to occur predominantly in close proximity to
TSSs (Figure 2D), which is reminiscent of the integration
preferences of other retroviruses such as MLV."® When
considering only the relative position to the gene with
the closestTSS, a majority (~34%) of integration sites fell
into the intron regions of genes, while virtually no in-
tegrations occurred in exons (Figure 2E). In fact, when
considered not only with respect to the most proximate
TSS, 42% of all ISs fell into at least one intron region of
a gene, while 13% of all ISs were found in the first intron
of a gene (Supplementary Figure 5F).

Finally, no clear connection between the orientation of
the closest TSS and the location and integration direction
of the RCAS integration sites was observed (Figure 2F),
suggesting no clear preference between promoter and en-
hancer activities among ISs.

CIS-tagging Identifies Glioma-Related Genes

When comparing the charted RCAS-PDGFB integration
landscape to various other forward genetic screens,
the by far greatest similarity, significantly higher than
that with other models, was observed with the RCAS-
MMLV landscape (Figure 3A, Supplementary Figure
7A), validating our previous screen. In contrast, the
comparison with a Sleeping Beauty (SB) transposon-
driven glioma model®® did reveal a comparatively
low number of shared CIS (Figure 3A, Supplementary
Figure 7A). However, an inspection of individual CISs
between the models suggested that similar members
in the same gene families were targeted (eg Pdgfc/
Pdgfa, Ppfibp2/Ppfibp1, and Nfia/Nfix). In order to fur-
ther inspect this possibility, we conducted another
GO analysis, which indicated that similar to the RCAS-
PDGFB (Supplementary Table 1), the SB integrations
(Supplementary Table 2) targeted (neural) develop-
mental pathways. Ultimately, both approaches likely
lead to a tagging of similar brain/glioma-related gene
families/pathways.

In the integrated RCAS-MMLV landscape, a total of
61 CISs with at least one IS in the RCAS-PDGFB screen
were identified, six of which constituted CISs that were
identified independently in the two studies (Figure 3B,
SupplementaryTable 5). Furthermore, additional ISs pro-
vided by the novel screen allowed the identification of 27
CISs previously tagged by single ISs in the MMLV-PDGFB
screen, while 21 CISs were also located in entirely novel
loci (Figure 3B). In total, 142 genes were found in the vi-
cinity of these 61 CISs (Figure 3B), some of which com-
prised known glioma-related genes such as Pdgfa,’’
Pik3ca,?® Sox10,%® and Pick1.*° Furthermore, in the CIS-ID
61 with most (7) integrations, the ISs were found closely
downstream of a known tumor-suppressive miR-29a/
b1 cluster (Supplementary Figure 8E) that are often sup-
pressed by other oncogenes. Strikingly, mir-29a has
previously been identified as a regulator of competing en-
dogenous RNAs in PDGFRA signaling in GBM?® and was
recently found to specifically target and down-regulate
PDGF ligands in GBMs by binding to their 3’UTR regions.*'
The observed abundance of known glioma-related genes
in our CISs constitutes a proof-of-concept of the power
of this type of forward genetic screen in tagging glioma-
related genes. In addition, when subjecting a subset of
the CIS-contributing cell lines to an experimental valida-
tion, the presence of the ISs could be confirmed in almost
all (37/40) cases (Supplementary Figure 6).

Out of the 142 CIS-tagged genes, clinical and molecular
data were available for 76 human orthologs, allowing a fur-
ther characterization (Figure 3C, Supplementary Figure 7).
None of the genes exhibited a strong (R > 0.5) gene expres-
sion correlation with PDGFB, PDGFRA, or PDGFRB, while
most genes displayed a significant differential expression
between subtypes, rendering these analyses obsolete as
a way to score CISs (Figure 3C, Supplementary Figure 7).
Yet, the expression of numerous genes also showed clear
prognostic survival effects and/or increased mutation/am-
plification/deletion frequencies (Figure 3C, Supplementary
Figure 7, Supplementary Figures 9-11). Ultimately, fo-
cusing on a combination of how strong the tagging and
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Fig.3 Characterization of RCAS-PDGFB CISs. (A) Box-and-Whisker plot comparing the number of shared CISs between the RCAS-PDGFB model
and six other forward genetic screens. Each Box-and-Whisker object represents 100 values, each obtained by randomly selecting 100 insertion
sites from the respective model and computing the corresponding number of shared CISs upon integration with all 938 RCAS-PDGFB insertions.
(B) Circos plot visualizing for each identified CIS between RCAS-PDGFB and MMLV-PDGFB the number of ISs in the RCAS and MMLV screens,
respectively, and the number of genes in the vicinity. Only CISs with at least one IS in the current RCAS-PDGFB screen were considered. (C)
Molecular and clinical characterization of human orthologs for 13 top candidate genes from (B) using GBM data. The displayed correlations
indicate Pearson’s correlation coefficient of the tagged gene expression with PDGFB, PDGFRA, or PDGFRB, respectively, with the value
representing the maximum absolute value observed when computing the correlation either among all patients or within each subtype sepa-
rately. The AOV column indicates the P-value of an ANOVA of the gene expression values between GBM subtypes. The OS columns indicate
the log-rank P-value and direction of a survival difference between samples with high and low expression of the tagged gene, either across all
samples or within PDGFB-high, PDGFRA-high, or PDGFRB-high subsets. See also Supplementary Figures 7-11. Genomic alteration data was
obtained from the GBM dataset in the TCGA portal (from 421 patient samples) and visualized frequencies were calculated as described in the
Supplementary Material under GBM Patient Data.

how clinically relevant a gene was, 13 top candidate genes  Ppfibp1 Constitutes a Glioma Oncogene

were selected, which exhibited either (i) a very strong

(P < .001) overall survival difference between high and low  Of the aforementioned candidate genes, PPFIBPT was
expressing GBM samples, or (ii) at least three ISs in the  of particular interest due to its clinical properties and the
corresponding CIS coupled to a significant (P < .05) sur-  strength of support from retroviral tagging. Specifically,
vival difference (Figure 3C). retroviral tagging of PPFIBP1 appeared rather robust and
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unambiguous, with the locus having been identified as
an independent CIS in both the RCAS- and MMLV-driven
models (Figure 3B), and all CIS-related ISs falling within
introns of the gene (Supplementary Figure 8F). In addi-
tion, among the top candidate genes, PPFIBP1 also dis-
played the strongest association between high expression
and worse patient outcome in the PDGFB-high group
(Figure 3C, Supplementary Figure 11F), which was of

particular interest as the model is driven through PGDFB
overexpression.

When comparing murine glioma cell lines with or
without viral integrations in this locus, 1S-harboring cell
lines displayed a significantly increased Ppfibp1 gene ex-
pression (Figure 4A) and increased protein levels (Figure
4B and C). These findings are consistent with the results
from our previous study showing drastically higher levels
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Fig.4 PPFIBP1 represents a putative glioma oncogene. (A) Barplot comparing the Ppfibp 1 gene expression between murine glioma lines with
(purple; P1-P2) and without (gray; N1-N4) RCAS-PDGFB integration site in the Ppfibp1 locus. The error bars indicate the standard deviation
across triplicates. (B, C) A western blot (B) and immunohistochemical staining (C) comparing the Ppfibp1 protein levels between one murine
glioma model with (P2, cell line 110_9_24) and one without (N2) an RCAS-PDGFB integration site in the Ppfibp1 locus. (D) Pie chart displaying
the percentage of clones with and without a retroviral tag in the Ppfibp1 locus when clonally expanding the P2 cell line. (E) Kaplan-Meier plot
comparing the tumor latency of two P2 clones, one with an integration (C2) and one without an integration (C35) in the Ppfibp1 locus, when
transplanted back into mice. The P-value reflects the result of a log-rank test. (F) Boxplot displaying the PPFIBP1 expression in HGCC samples
across GBM subtypes. (G-I) Scatterplots comparing PPFIBP1 gene expression and mean cell viability in HGCC samples across different drug
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cance, respectively.
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of Ppfibp1 in MMLV-PDGFB induced tumors compared to
neonatal brains.™

When clonally expanding one Ppfibp1-tagged murine
glioma cell ling, it was found that there are two populations
of clones, one which harbored retroviral integrations in
Ppfibp1 and one which did not (Figure 4D, Supplementary
Figure 12A). Interestingly, when then retransplanting two
clones in syngeneic mice, the clone with a Ppfibp1 retro-
viral tag demonstrated a significantly shorter latency com-
pared to the clone that lacked the retroviral integration in
the Ppfibp1locus (Figure 4E).

Human glioma cell line data (HGCC data portal*?) sug-
gested that PPFIPB1 expression diverged significantly be-
tween GBM subtypes with highest average expression
observed in the MS subtype (Figure 4F); and while PPFIBP1
expression levels did not appear associated with the out-
come of Temozolomide treatment in these cell lines (Figure
4G), high PPFIBP1 expression displayed a positive corre-
lation with treatment resistance in various PDGF-related
drug treatments (Figure 4H and |, Supplementary Figure
12B-D). Collectively, our data suggest an oncogene role of
PPFIBP1in PDGF-driven gliomagenesis.

Discussion

Malignant gliomas are complex diseases characterized
by alterations in several different genes.3® Although many
GBM-promoting genes have been identified, current treat-
ment options still leave the patients with a very dismal
prognosis. More targeted therapeutic strategies represent
a potential avenue to overcome such treatment failures,®
but would require a better understanding of individual
glioma-related genes and their role in gliomagenesis.
Accordingly, our work focused on the identification
of genes that together with commonly mutated path-
ways, like the PDGF pathway, would contribute to tumor
progression.

We previously demonstrated a tumorigenic role of
PDGFB overexpression in murine models of glioma util-
izing different retroviral systems as tools for gene de-
livery.5710.2324 |t is commonly accepted that oncogenic
retroviruses alone can drive tumorigenesis in various
models."™ However, a single alteration in an oncogene, like
PDGFB overexpression in nonviral transgenic models,* is
probably not enough to drive complete tumor formation.
Forward genetic screens based on retroviral insertions,
each introducing a traceable insertional mutation in the
cell’'s DNA, thus represent a valuable platform to identify
genomic loci and genetic alterations that collaborate with
the driver oncogene in promoting tumor development.®

We already described the potential of such a retroviral
tagging approach using a MMLV-PDGFB-driven glioma
model.’” The current study strove to provide an inde-
pendent validation and further improvement of these ini-
tial efforts, by (i) utilizing a different ASLV-based retrovirus
(RCAS) able to infect nondividing cells* coupled to (ii) a
transgene system enabling us to target the retrovirus to
specific cell types,>”2324 and (iii) a more high-throughput
and automated NGS approach to retroviral integration site
detection and processing.

Our analysis of RCAS integration sites and preferences
suggested significant differences in the number of inte-
grations observed based on the transgene and the genetic
background. For instance, PDGFB overexpression with inacti-
vation of Ink4/Arf or p53 generated more integrations instead
of fewer ones. The latter would perhaps have been expected
given that these tumors would likely require fewer secondary
hits to provide a selective growth advantage or a more ma-
lignant phenotype. With respect to the differences between
backgrounds, one possible explanation could be that the com-
bination of PDGFB overexpression with inactivation of these
important tumor suppressor genes might allow more cells to
give rise to a fully blown malignant tumor. Consequently, the
tumors driven from these backgrounds could be more poly-
clonal and present with an increased number of total integra-
tions as compared to PDGFB as a single driver.

In addition, we found that the RCAS integrations, likely
directed into active genes and open chromatin regions, cre-
ated a landscape that is closely linked to the identities of the
infected cell. Consistent with the phenotypes previously at-
tributed to the different transgene models,?® stem cell-like
genes were found enriched among the RCAS integration-
related genes in G/tv-a, while N/tv-a and C/tv-a displayed an
enrichment of more differentiated glial lineage signatures
among retrovirally tagged genes. The potential link between
retroviral gene tagging and cell identity was further empha-
sized when comparing the integrations in the RCAS-PDGFB
gliomas to various other forward genetic models, indicating
that the highest similarity existed with the MMLV-PDGFB
glioma model. When comparing RCAS integration prefer-
ences to those of SB transposons, which do not show any
insertion preference and can even access tightly packed chro-
matin,*® the number of shared ISs was not that great. The
differences in the number of shared CIS between the RCAS-
PDGFB glioma model and the MMLV-glioma or SB-glioma,
respectively, might thus be a consequence of the different in-
tegration preferences between retroviruses and transposons.

While several novel genes were tagged by the RCAS-
PDGFB system, many CISs were shared with the MMLV-
PDGFB, strengthening the support for linking the identified
loci to brain tumor development. Many of the tagged loci
harbored genes that were already well known for their role
in glioma. Ppfibp1 belonged to one of the most robustly
tagged loci and was identified as an independent CIS in both
model systems. PPFIBP1 is a protein tyrosine phosphatase-
interacting protein that has been found fused with ALK in
lung carcinoma patients*® and suggested as a target of the
Metastasis-associated protein S100A4 (Mts-1),4” but if and
how PPFIBP1 regulates metastasis is not clear. The current
study demonstrated that cell lines with integrations in the
PPFIBP1 locus displayed an increased expression of the
gene coupled to shorter tumor latency, suggesting PPFIBP1
as a novel oncogene in PDGF-regulated gliomas. As further
shown in the current study, there also appears to be a link
between PPFIBP1 and more progressive GBM.2 Considering
the problem with PDGF treatment resistance*® and that spe-
cific inhibitors that include PDGFR as a target (eg imatinib
and sunitinib) have not shown beneficial activity for GBM pa-
tients, it is interesting to note that our results suggest an as-
sociation between PPFIBP1 and PDGF treatment resistance.

GBM is still an incurable disease. It is important to find
novel, potentially druggable, targets that are involved in
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driving malignant glioma progression and therapy resist-
ance. The RCAS/TVA system is a frequently used model to
study cancer development from distinct cell types in mice.
We here show that the common insertions generated by
the retroviruses in this system are causing alterations that
partake and contribute to PDGF-driven brain tumor mainte-
nance and in therapy resistance.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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