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Abstract
Background. The developmental context in which genetic alterations occur is crucial to understand disease progres-
sion. In pediatric cancer, modeling tumor formation in the right cell type is necessary to faithfully recapitulate the 
unique nature of pediatric tumors. The Cre-LoxP system is a powerful tool to modulate gene expression in specific 
cell types at discrete developmental time windows.
Methods. We used Cre-LoxP mouse models to study the role of the oncofetal transcription factor PLAG1 in pediatric 
brain tumor formation. We characterized our model using histology, DNA methylation based copy number variant 
(CNV) analysis on fresh frozen and FFPE derived samples, RNA sequencing, whole genome sequencing and whole 
genome CRISPR Cas9 screening.
Results. We generated a new model for PLAG1 overexpressing brain tumors, but discovered an unexpected CNV at 
the Nras locus by DNA methylation analysis. We confirmed the CNV via whole genome sequencing and found that 
it was likely mediated by Cre-recombination at the transgene insertion site. Both the tumor transcriptome and genetic 
dependencies are substantially shaped by this CNV.
Conclusions. Our work demonstrates the necessity of copy-number analysis when working with transgenic 
Cre-LoxP mouse models. Assessing CNVs should become a standard evaluation procedure when reporting new 
tumor models, preventing misleading conclusions that could dramatically impact the reliability of preclinical 
studies.

Key Points

•	 CNVs can arise in preclinical models in the presence of strong oncogenic drivers

•	 These alterations can then have a major impact on the model’s dependencies

•	 DNA methylation array is a useful and cost-effective technique to determine CNVs
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Basic and translational research relies on animal models, as 
current in vitro systems fail to capture the vast diversity of 
cell types present at the organismal level, including immune 
cells or transient cell states present during development.1,2 
Animal models are also indispensable for assessing drug 
responses or discerning toxicity preclinically.3,4 Mice that 
have been genetically engineered to aberrantly express 
genes of interest, so called transgenic mice, are vital tools 
for cancer research. They allow the study of the functional 
consequences of disease- or cancer-related genes. One 
advantage is that tumors emerge de novo, in parallel to 
normal development, within an intact immune and micro-
environmental context.5 The Cre-LoxP system has been 
developed as a powerful tool to selectively activate trans-
genes in a lineage-specific manner.6-8 These models are par-
ticularly useful for pediatric cancer research, as the 
developmental context of neoplastic transformation is 
important to faithfully recapitulate the biology of childhood 
cancers.9 However, Cre-mediated artifacts have been 
described, including toxicity, leaky Cre expression, or ger-
mline recombination,10-12 underlining the importance of care-
ful characterization of Cre-LoxP mouse models before 
preclinical use.

The zinc-finger transcription factor PLAG1 has been 
described as the driver oncogene in pleomorphic adenomas 
of the salivary gland, and it was shown that transgenic 
LoxP-STOP-LoxP-PLAG1 (LSL-PLAG1) mice form pleomor-
phic adenomas upon crossbreeding to salivary-gland spe-
cific Cre-driver lines.13,14 Additional solid tumors with 
aberrant PLAG1 expression have since been described, 
including uterine leiomyosarcoma, lipoblastoma, rhabdo-
myosarcoma and fibromyxoid tumors.15-18 Members of the 
PLAG-gene family are also found aberrantly activated in 
pediatric brain tumors. Central nervous system (CNS) 
embryonal tumors with PLAG family gene alteration (ET, 
PLAG) include PLAG1-fused tumors19 or PLAGL1/PLAGL2 
amplified tumors,20 while PLAGL1-fusions define a group of 
supratentorial neuroepithelial tumors (NET_PLAGL1)21; 
PLAG1 is also highly expressed in diffuse midline gliomas 
and posteria fossa A ependymomas.22 Altogether, this data 
suggests a broader role for the PLAG family in brain tumor 
development. Interestingly, PLAG1 and its family members 
are usually expressed in the brain during fetal develop-
ment.23 We therefore hypothesized that aberrant overexpres-
sion of the oncofetal transcription factor PLAG1 in the 
developing brain may lead to pediatric brain tumors, and 
such a model would have high preclinical value for several 
rare tumor entities.

To test this hypothesis, we used the previously described 
LSL-PLAG1 mouse strain14 and crossed it to CNS-specific 

GFAP-Cre and Nes-Cre driver mouse lines7,8 with floxed 
Trp53 knock-out alleles.24 We found that brain tumors only 
emerged in the presence of Trp53 inactivation. To our sur-
prise, all derived tumors displayed a concurrent copy num-
ber gain on chromosome 3, encompassing a 10 Mb region 
surrounding the Nras locus. We show that this copy number 
gain significantly shapes the transcriptome and genetic 
dependencies of the tumor model. Our findings indicate that 
improper Cre-recombination at LoxP sites can lead to this 
copy-number alteration, compromising the reliability of this 
and similar models.

Methods

Animals

Lineage-specific PLAG1-overexpressing mice were gener-
ated by breeding LSL-PLAG1R/LSL-PLAG1R mice14 with 
hGFAP-Cre/+ mice7 or with Nes-Cre/+ mice8, with or without 
floxed Trp53 alleles.24 Primer sequences for genotyping are 
shown in Supplemental Table 1. Animals were housed in a 
temperature-controlled facility with 12 h: 12 h light: dark 
cycle and ad libitum food and water in individually venti-
lated cages. All animals were inspected daily, and both sexes 
were used as experimental animals. When hGFAP-Cre+; 
LSL-PLAG1+ animals showed first signs of abdominal tumor 
formation, no further breedings were initiated. All animal 
experiments for this study were conducted according to the 
animal welfare regulations approved by the responsible 
authorities (Regierungspraesidium Karlsruhe, approval 
number: G-35/20).

Hematoxylin and Eosin Staining

Brain or tumor samples were fixed in 10% formalin, dehy-
drated and embedded in paraffin and sectioned using a 
microtome. 5 μm sections were mounted on glass slides 
and deparaffinized for 10 min in 100% xylene. Following 
rehydration by immersion in descending ethanol solution 
(100%, 90%, 70%), slides were washed in distilled water. 
After application of hematoxylin on the slides for 5 min, 
samples were rinsed with tap water for 5 min. Eosin was 
applied for 3 min. The slides were washed in water for 20 s, 
followed by immersion in ascending ethanol solution. After 
a final immersion in xylene, slides were covered with a cov-
erslip using mounting medium. Images were taken using 
the Zeiss Axioscan 7 (full-brain scans) or the Zeiss Cell 
Observer.

Importance of the study

Faithful animal models are an important tool for preclin-
ical testing of ideas, molecules, and drugs for treatment 
of brain tumors. Our study demonstrates that DNA 
copy-number alterations by DNA methylation array 
should be assessed for every preclinical animal model, 

even in the presence of strong oncogenic drivers. We 
show that unintended copy-number changes can have a 
major influence on the dependencies of the model, which 
may affect downstream preclinical testing.
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Immunohistochemistry

After deparaffinization and rehydration, 5 μm formalin-fixed 
paraffin-embedded (FFPE) sections were boiled in citrate 
buffer (citric acid 0.0018 M, sodium citrate 0.0082 M) for 20 
min. The samples were allowed to cool to room temperature 
for 20 min, after this the sections were blocked with 10% 
normal donkey serum (NDS) in PBST for 1 h. Primary anti-
body in 10% NDS was applied to the section and incubated 
overnight at 4°C (Supplemental Table 2). The next day, slides 
were washed 3x for 10 min in PBST. The biotin-coupled sec-
ondary antibody (AffiniPure® Donkey Anti-Rabbit IgG, 
#711-065-152) in 10% NDS was applied and incubated for 1h 
at RT. Slides were washed 3× for 10 min in PBST and Vecta-
stain® ABC-HRP was added to the slides for 30 min followed 
by a final wash step. DAB chromogen (Enzo Life Sciences 
#ACC-1050200) was applied for up to 5 min. The reaction 
was stopped by washing the slides in tap water. A 1:10 dilu-
tion of hematoxylin was applied to the sections for 1 min, 
followed by immersion of the slides in tap water for 5 min. 
Slides were dehydrated in ascending ethanol solution. After 
a final immersion in xylene, sections were mounted with 
coverslips. Stainings were quantified by analysing three 
regions of interest (50 × 50 µm) of three individual tumors 
with at least 200 nuclei. For nuclear markers, the proportion 
of positive nuclei was calculated. For non-nuclear markers, 
the proportion of positive stained area was calculated 
using ImageJ.

RNA Extraction, Sequencing and Analysis

Tumor tissue was homogenized (Tissue master, Omni Inc) 
and RNA was subsequently extracted using the Maxwell® 
RSC simplyRNA Tissue Kit. RNA quantity and integrity were 
assessed using the Agilent Bioanalyzer. 100 bp paired-end 
sequencing was performed on the NovaSeq 6000 (Illumina). 
Counts were analyzed using DeSeq2.25,26 Volcano plots were 
generated using the R package EnhancedVolcano.

Generation of Cell Lines from Primary Tumors

Freshly-dissected tumor tissue was placed in pre-warmed 
TSM medium (Neurobasal-A and DMEM/F12 1:1 (GibcoTM) 
with MEM Sodium Pyruvate Solution, MEM Non-Essential 
Amino Acids, GlutaMAX, Penicillin-Streptomycin (GibcoTM, 
each 1× final concentration), HEPES (GibcoTM, 0.01 M) and 
20 ng/μL EGF, 20 ng/μL FGF, 10 ng/μL PDGF-A (Peprotech®). 
Tissue was homogenized by pipetting up and down multiple 
times. Large clumps were removed by filtering through a 
45 μm cell strainer. The suspension was centrifuged, and the 
tumor cells were resuspended in 5 mL pre-warmed TSM 
medium. Tumor spheres were split every 5-7 days using 
Accutase (InvitrogenTM) and single cells were reseeded. The 
concentration of growth factors was halved at every pas-
sage. After four passages, no growth factors were added to 
the TSM medium and cells were passaged two more times. 
Three cell lines from three independent NES-Cre+, 
LSL-PLAG1+; Trp53 fl/fl tumors (1× female, 2× male) were gen-
erated and tested regularly for mycoplasma contamination 

(Mycoplasma PCR Kit, abm #G238). Expression of PLAG1 in 
the growth factor depleted cells was validated via RNA 
sequencing and western blotting.

Western Blotting

Cells were resuspended in RIPA lysis buffer with protease 
and phosphatase inhibitors (Halt™ #78440) and protein con-
centration was assessed via BCA assay. For detection of 
PLAG1 in tumor spheroid cell lines, 25 ug of total protein 
was subjected to SDS PAGE on a 4%-12% gradient gel. Pro-
teins were separated at 120 V for 2.5 h and transferred on a 
PVDF membrane using the iBlotTM 2 (Invitrogen). The mem-
brane was blocked in 5% dry milk powder in TBST for 1h, 
and then the primary antibody was added in the same block-
ing solution (Cell signaling HA-Tag [C29F4] Rabbit mAb 
#3724 1:500, Proteintech PLAG1 polyclonal antibody 
#18018-1-AP 1:500, HRP-linked Anti-Actin antibody Loading 
Control #ab49900 1:10000). The membrane was rolled over-
night at 4°C. The next day, the membrane was washed 3x in 
TBST, and the secondary antibody was added (Anti-rabbit 
IgG, HRP-linked Antibody [Cell Signaling #7074S] 1:2500 in 
blocking solution). After 1h incubation, the membrane was 
washed 2× in TBST and 1× in TBS. The chemiluminescent 
substrate (Cytiva ECLTM Prime #RPN2232) was added, and 
signal was detected using the Intas ECL Chemostar.

Lentiviral Transduction

Lentiviral expression plasmid (LentiCas9-Blast, Addgene 
#52962; pLenti-guide-mCherry, Addgene #185474) was trans-
fected into HEK293T with the lentiviral packaging plasmids 
pMD2.G (VSV-G envelope, Addgene #12259) and psPAX2 
(Addgene #12259) using FuGENE (Promega). Supernatant 
was collected every day for three days, filtered through a 
0.45 μm PES membrane, and viral particles were concen-
trated using Lenti-X concentrator (Takara). Tumor spheroids 
were dissociated into single cells using Accutase (Invitro-
gen) and cells were seeded in a 12-well plate at a density of 
2 million cells per mL. The lentiviral concentrate was added, 
and the cells were centrifuged at 930 × g for 2 h at 30°C. The 
plate was incubated at 37°C and 5% CO2 for 16 h. The next 
day, cells were washed twice with PBS and reseeded at a 
density of 200,000 cells per mL in ultra-low attachment 
flasks (Corning). After 24 h, selection was initiated by adding 
2.5 μg/mL blasticidin to the medium. Cells were kept in cul-
ture for 7 days with replenishment of blastcidin when the 
medium was changed. Successful expression of Cas9 was 
validated via Western blotting.

DNA Extraction and Methylation-Array Based 
CNV Calculation

DNA was isolated from fresh frozen tissue or FFPE sections 
using the Maxwell RSC Tissue DNA Kit or the Maxwell RSC 
DNA FFPE Kit. 1200 ng DNA per sample was loaded on an 
Illumina MouseMethylation 285k or Illumina FFPE 
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MouseMethylation 285k chip and scanned according to 
manufacturer’s protocols. CNVs from the methylation array 
data were analyzed using the R package conumee2 (v2.1)27 
with fresh-frozen, healthy Bl6N brain control DNA or 
FFPE-derived, Bl6N peritoneum DNA as controls.

Whole-Genome CRISPR Cas9 Screen

The protocol was adapted from Abid et al. 2023.28 Briefly, 
Cas9-positive cells were infected with the mouse CRISPR 
brie virus library (Addgene #73633, clone pool CP0044) at 
an infection rate of 30% after selection for 2 days with 1.5 
μg/mL puromycin. Two independent replicates per cell line 
were carried out. After selection, the Day-0 early timepoint 
cells were pelleted to obtain 50 million cells, corresponding 
to a guide representation of 500 cells/guide. Cells were then 
split in two chambers and individually passaged five times 
over a duration of 17 days with a guide representation of 
500 cells/guide prior to sample collection of late time point 
(two technical replicates for each infection). DNA from both 
early and late time points was extracted using the 
Machery-Nagel Blood XL kit and sequenced according to 
previously published protocols.29 Depleted genes were ana-
lyzed using the Broad Institute Genetic Perturbation Platform 
(GPP) pipeline Apron and the python package chronos.30

Single CRISPR-Cas9 Knockouts

sgRNA sequences were designed using CHOPCHOP31 or 
taken from the CRISPR Brie library (Addgene #73633) and 
are depicted in Supplemental Table 3. After cloning into the 
pLenti-guide-mCherry vector (Addgene #185474), lentiviral 
particles were produced and Cas9-expressing cells were 
infected at an infection rate between 30%-50%. Nras and 
PLAG1 guides were introduced in all three independent cell 
lines. Reg4, Hsd3b2, Ngf, Spin2d and Mtr guides were intro-
duced in one cell line, which was not used for the whole 
genome CRISPR Cas9 screen. The proportion of 
mCherry-positive cells was assessed at different timepoints 
after selecting for live, single cells using a LSRFortessa flow 
cytometer (BD).

Results

The GFAP-Cre Lineage is Insufficient to Generate 
PLAG1-Driven Brain Tumors

As some of the CNS embryonal tumors with PLAG family 
gene alteration showed scattered or diffuse GFAP staining 
in the tumor and concurrent absence of other histopatho-
logical markers,19,20 we chose the glial-lineage-specific 
GFAP-Cre driver line to express PLAG1 in the developing 
mouse brain. Here, transgene activation should occur 
around embryonic day 13 (e13) in the dorsal medial telen-
cephalon.7 We crossed the LSL-PLAG1 mouse line14 to the 
GFAP-Cre driver line, with or without the addition of a floxed 
Trp53 knock-out allele (Figure 1A). Unexpectedly, we 

observed that 60% of GFAP-Cre+; LSL-PLAG1+ mice devel-
oped abdominal tumors by 200 days, without the formation 
of brain tumors. Instead, mice frequently had reduced brain 
sizes (Figure S1A and B). Additional homozygous loss of 
Trp53 increased penetrance and shortened latency, with 90% 
of the animals developing abdominal tumors by 100 days 
(Figure 1B). The tumor location varied around the lateroven-
tral abdomen of the mice (Figure 1C). All tumors showed 
prominent PLAG1-HA staining and high KI67 staining by 
immunohistochemistry (IHC), indicating aggressive tumor 
growth (Figure 1D). GFAP-Cre+; Trp53 fl/fl control animals 
developed brain tumors by around 200 days (Figure S2). 
Intriguingly, in GFAP-Cre+; LSL-PLAG1+; Trp53 fl/fl mice, no 
brain tumors formed prior to abdominal tumor onset, indi-
cating that the GFAP-Cre lineage is insufficient for the pur-
pose of modeling PLAG1-dependent brain tumors.

Nes-Cre Mediated Overexpression of PLAG1 and 
Loss of Trp53 Leads to Embryonal-like Brain 
Tumors

Nes-Cre-mediated transgene activation starts earlier than 
GFAP-Cre and is already detected at e10 in the neural tube.32 
A noticeable overlap in physiological transcript expression 
of Nes and Plag1 is observed in the developing mouse brain 
at e11 (Figure 2A). Therefore, we next crossed the LSL-PLAG1 
line to a Nes-Cre driver line (Figure 2A). None of the Nes-Cre+, 
LSL-PLAG1+ mice developed tumors (Figure 2B). Instead, 
mice had reduced brain sizes and often showed signs of 
behavioral deficiencies (Figure S1C and D). No PLAG1-HA 
positive cells were detected in the brains (Figure S2E), indi-
cating that expression in early cell types is either toxic or 
promotes dormancy, reducing their expansion and conse-
quently leading to reduced brain size. With additional Trp53 
loss, however, 100% of Nes-Cre+, LSL-PLAG1+; Trp53 fl/fl mice 
developed brain tumors by 100 days (Figure 2B). In contrast, 
only 50% of the control Nes-Cre+, Trp53 fl/fl animals developed 
brain tumors within the 1-year observation period, with a 
longer latency of 280 days on average (Figure 2B). Nes-Cre+, 
LSL-PLAG1+; Trp53 fl/fl tumors presented in different brain 
regions, including both the forebrain and hindbrain, with a 
tendency towards ventral localization (Figure 2C). Control 
Nes-Cre+, Trp53 fl/fl tumors were only observed in the fore-
brain (Figure 2C). In H&E staining, Nes-Cre; LSL-PLAG1+; 
Trp53 fl/fl tumors exhibit poor differentiation, typically demon-
strate high cellularity composed of small, round to oval cells 
with hyperchromatic nuclei and scant cytoplasm and lack 
distinct morphological organization (Figure 2D, S3A). The 
tumors were enriched for PLAG1-HA, the proliferation marker 
KI67, the early oligodendroglial-lineage marker OLIG2 and 
the stem cell marker SOX2, with more than 50% of nuclei 
stained positive (Figure 2D-F). Patchy staining for the glial 
lineage marker GFAP (around 40% positive area) and sparse 
SOX10 expression (around 20% positive nuclei) was 
observed (Figure 2D-F, S3B). With strong expression of the 
stem cell marker SOX2 and the undifferentiated appearance 
in the H&E staining, the model first appeared promising as 
it mostly recapitulated the embryonal-like, undifferentiated 
nature of human CNS embryonal tumors with PLAG family 
gene alteration.19,20
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Tumors Form with a Concurrent Gain/Loss at the 
Transgene Insertion Site on Chromosome 3

Murine tumor models can harbor recurrent CNVs beyond 
those directly targeted by the original genetic engineering 
strategy,33 and Trp53 inactivation is known to favor 
genomic instability.34 As a rapid measure to assess the 
integrity of our newly generated models, we performed 
methylation-array based CNV analysis of tumor DNA (Fig-
ure 3A and B). All Nes-Cre+; LSL-PLAG1+; Trp53 fl/fl tumors 
harbored a specific gain/loss pattern on chromosome 3 
(Figure 3A). GFAP-Cre+; LSL-PLAG1+ abdominal tumors did 
not show this CNV (Figure S4), but we also detected this 
CNV pattern in the abdominal GFAP-Cre+; LSL-PLAG1+; 
Trp53 fl/fl tumors (Figure 3B). To improve resolution, we per-
formed whole-genome sequencing on Nes-Cre+; 
LSL-PLAG1+; Trp53 fl/fl tumor DNA and matched tail DNA as 
control. In the control tissue, Cre is not expressed, so the 
LSL-cassette remains intact. We observed that the gain 
proceeds to the same nucleotide position in all tumors 

(example shown in Figure 3C). By displaying soft clipped 
reads, an integration event at this site in the tumor was 
visible (Figure 3C). The tails did not show this gain/loss, 
but instead displayed a second integration event (Figure 
3C). Given that CNS tumors only formed in the presence 
of Trp53 loss, we speculated that this copy number alter-
ation would induce cell death in a Trp53 wild-type context, 
rather than promote tumor formation. Taken together, 
Cre-mediated recombination of the LSL-PLAG1 transgene 
leads to PLAG1 overexpression and simultaneous copy 
number alterations at the target site (Figure 3D), introduc-
ing another layer of complexity into the model.

The Gained Chromosome 3 Region Substantially 
Affects Tumor Biology and Genetic Dependencies

Given that the generated brain tumors overexpressed 
PLAG1 and also showed concurrent copy number gains on 
chromosome 3, we investigated the molecular 

Figure 1.  Overexpression of PLAG1 in the GFAP-Cre lineage leads to the formation of abdominal tumors. (A) Schematic of transgene cassettes 
used and corresponding literature references. [Created in BioRender. Vaillant, J. (2025) https://BioRender.com/axmetyj]. (B) Kaplan-Meyer curves 
of transgenic mice depicting the time until endpoint criteria were met. (C) Location of abdominal tumors. (D) Hematoxylin and eosin (H&E) staining, 
anti-HA and anti-Ki67 IHC of example abdominal tumor sections. Scale bar, 100 μm.
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Figure 2.  Overexpression of PLAG1 with Trp53 loss in the Nes-Cre lineage leads to the formation of embryonal-like tumors. (A) Reads Per Kilobase 
Million (RPKM) of Nestin and Plag1 transcripts in the developing mouse brain. Error bars represent standard deviation. Data from Cardoso-Moreira 
et al. 2019. (B) Kaplan-Meyer curves of transgenic mice depicting the time until endpoint criteria were met. (C) Varying location of obtained brain 
tumors in transgenic mice. (D) Immunohistochemical detection of various marker proteins. H&E, HA, KI67 scale bar, 100 μm, NES, NFP, SYP, GFAP, 
OLIG2, PDGFRa, SOX10, LIN28A, SOX2 scale bar, 50 μm. (E) Quantification of nuclear markers in three 50 × 50 µm regions of interest in 3 tumors, 
representing by different dot colors. (F) Quantification of non-nuclear markers measured by area of positive stained regions.
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consequences of these genetic changes to determine 
whether the model could still be reliably used to study the 
effects of PLAG1 overexpression. Following bulk 
RNA-sequencing, we found that transcripts of known PLAG1 
and PLAGL1 targets were upregulated, including Cdkn1c, 
H19 and Dlk1.35-37 These genes are also upregulated in CNS 

embryonal tumors with PLAGL1/2 amplification and PLAG1 
fusion.19,20 The imprinted gene Pappa2, developmental genes 
of the HoxC cluster, and Igf2bp1 were also upregulated 
(Figure 4A).

We also observed a large proportion of significantly 
upregulated genes located in the gained region on 

Figure 3.  Methylation profiling identifies a copy-number alteratoin at the transgene insertion site. (A) CNV plot of one representative example 
(top) and summary plot of 9 Nes-Cre+, LSL-PLAG1+; Trp53 fl/fl brain tumors (bottom) from fresh frozen samples. (B) CNV plot of one representative 
example (top) and summary plot of 4 different GFAP-Cre+, LSL-PLAG1+; Trp53 fl/fl abdominal tumors (bottom) from FFPE samples. (C) Aligned reads 
of tumor DNA (upper panel) and tail DNA (lower panel). Soft clipped reads are depicted, with mismatched bases are colored. (D) Schematic of 
how the chromosome 3 CNV at the putative transgene insertion site could be generated. [Created in BioRender. Vaillant, J. (2025) https://BioRender.
com/ccpz9fc].
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Figure 4.  Genes in the amplified region shape the tumor transcriptome and genetic dependencies. (A) Differentially expressed genes in NES-Cre+, 
LSL-PLAG1+; Trp53 fl/fl tumors (n = 9) compared with NES-Cre+; Trp53 fl/fl control tumors (n = 5). Known transcriptional targets and associated genes 
of PLAG family members labeled in blue. (B) Same comparison as in A, except genes located in the gained region on chromosome 3 shown in red. 
(C) Normalized counts of Plag1 and Nras transcripts in NES-Cre+, Trp53 fl/fl control tumors, NES-Cre+, LSL-PLAG1+; Trp53 fl/fl brain tumors, and spheroid 
cell lines derived from the latter. (D) Timeline of whole-genome CRISPR-Cas9 screen. [Created in BioRender. Vaillant, J. (2025) https://BioRender.
com/vha2u33] (E) Average log fold changes (LFCs) of negative and positive control guides. Box represents the interquartile range with the median 
and whiskers indicate minimum and maximum values. Unpaired t-test, P < 0.0001. (F) Average LFC for each gene (dots) in a PLAG1-positive spheroid 
cell line (x-axis) and a PLAG1-negative control cell line (GFAP-Cre+; Trp53 fl/fl, y-axis) of 4 replicates each (for details see Methods). Red, genes 
located in the gained region on chromosome 3. (G) Three independent Cas9-positive tumor spheroids infected with mCherry labelled guides against 
PLAG1 (n = 2, black line), Nras (n = 2, dotted line) or controls (non-targeting and Pax1 targeting, grey line). Error bars indicate standard deviation.
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chromosome 3 (Figure 4B). The most conspicuous upregu-
lated gene was the MAPK regulator and proto-oncogene 
Nras, which was also expressed in spheroid cell lines 
derived from the tumors (Figure 4C). These growth 
factor-independent spheroid cell lines continued to express 
PLAG1 (Figure 4C), including at the protein level (Figure S5). 
To identify genetic dependencies, we performed a 
whole-genome CRISPR-Cas9 knock-out screen (Figure 4D). 
Quality control measures showed depletion of universal 
dependency genes (positive controls) compared with neg-
ative controls targeting intergenic sites (Figure 4E). After 17 
days in vitro, we observed a set of ∼50 genes as specifically 
depleted in the PLAG1-positive cell line compared with the 
PLAG1-negative control cell line. Remarkably, most of the 
genes were located in the gained region of chromosome 3 
(Figure 4F). As a higher number of gene copies can also lead 
to a higher number of Cas9-induced DNA breaks and corre-
sponding DNA-damage induced stress, we corrected the 
screen hits for copy number changes using Chronos30 (see 
Methods for details). We continued to observe amplified 
chromosome 3 genes as the top hits (Figure S6A and B). To 
validate Nras and other genes as true dependencies, we 
performed single CRISPR-Cas9 mediated knockout experi-
ments in independent cell lines. Importantly, we observed 
that mCherry-labelled PLAG1- and Nras sgRNAs decreased 
cell proliferation in three independent cell lines, compared 
with control sgRNAs (Figure 4G), indicating that both genes 
are specific dependencies. Intriguingly, single KO experi-
ments of other chromosome 3 genes Reg4, Hsd3b2 and Ngf 
did not lead to a similar depletion, although the tested cell 
line harbored the same amplification (Figure 4D, S6C). While 
these genes could not be validated as model-specific depen-
dencies, this data shows that targeting chromosome 3 itself 
does not affect tumor growth. Non-chromosome 3 genes 
Spin2d and Mtr were confirmed as dependencies in an inde-
pendent cell line (Figure S6D), validating additional hits 
arising from the whole-genome CRISPR screen. Overall, the 
CNV we observed in our murine model has fundamental 
implications on shaping tumor dependencies, at least in 
modulating the effect that PLAG1 overexpression has on 
tumor biology.

Discussion

Despite the frequent use of transgenic Cre-LoxP mouse 
models in research, unanticipated effects of the recombina-
tion can occur, so it is important to identify them accurately. 
We set out to generate a new transgenic mouse model for 
PLAG1-overexpressing pediatric brain tumors. The resulting 
model initially appeared promising, as tumor histology was 
similar to human patient samples, including an 
embryonal-like phenotype, and several upregulated genes 
were found to be in common with CNS embryonal tumors 
with PLAG1 fusion or PLAGL1/2 amplification (ET, PLAG).19,20 
We discovered, however, that our model contained a copy 
number alteration likely caused by improper Cre recombi-
nation of LoxP sites at the transgene insertion site. This alter-
ation encompassed a 10 Mb region around the Nras locus 
with adjacent 23 Mb loss of the telomeric end of 

chromosome 3. Methylation array-based analysis was able 
to reliably detect this CNV. Furthermore, we showed that the 
genetic dependencies of the model are significantly shaped 
by this CNV, with most of the unique dependencies located 
in the gained region. Given its prevalence, we hypothesize 
that selective pressure might favor the CNV formation in a 
putative cell-of-origin, possibly by cooperating with initial 
PLAG1 activation. While we observed the chromosome 3 
gain both in brain tumors and abdominal tumors, only the 
brain tumors show high expression of Nras. Indeed, PLAG1 
was shown to regulate MAPK signaling via IGF2 expres-
sion,18 and IGF2 signaling regulates NRAS expression in 
hepatocellular carcinoma.38 Therefore, we speculate that the 
Nras amplification we identified in our model might poten-
tiate PLAG1-induced IGF2 signaling.

The LSL-PLAG1 mouse strain used was generated via 
pronuclear injection of DNA fragments.14 This process can 
lead to tandem integration at DNA break points, so called 
concatemers.39 Repetitive or inverted LoxP sites could be 
one explanation for impaired Cre recombination, which in 
combination with Trp53 loss could induce the large copy 
number alteration that we observed in the brain tumors. 
Abdominal tumors using GFAP-Cre driver lines also showed 
this copy number effect, but only with Trp53 loss. Reduced 
brain sizes were observed crossing LSL-PLAG1 mice to both 
GFAP-Cre and Nes-Cre driver lines with intact Trp53, so we 
speculate that the occurrence of the CNV triggers 
Trp53-mediated cell death, which could reduce the pool of 
neural progenitor cells and therefore reduce brain size. One 
obstacle of pronuclear injection is the random integration 
of transgenes. Therefore, recent methods to generate trans-
genic mice mostly rely on site specific insertion, for example 
in the Rosa26 locus,40 although some exceptions can be 
found.41 Using such a safe-harbor integration site has the 
advantage of eliminating some uncertainties. However, we 
also identified examples in the literature that showed focal 
high-level amplifications at the LSL-MYCN transgene site 
within the Rosa26 locus, using different Cre-driver lines.42,43 
Therefore, even with known transgene integration sites and 
especially with unknown integration sites, the analysis of 
global CNVs should be considered as a standard workflow 
when reporting novel transgenic models. Methylation 
array-based analysis has proven to be time- and cost-efficient. 
This method can identify possible copy number artifacts 
during early model characterization, ensuring that new find-
ings can be safely translated into the next preclinical steps.

Supplementary Material

Supplementary material is available online at 
Neuro-Oncology Advances (https://academic.oup.
com/noa).
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