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tumor microenvironment (TME) cells, especially microg-
lia/macrophages (30–50%) [3]. While pLGG patients 
have a good overall prognosis (15-year overall survival 
80–90%), progression-free survival is considerably lower 
(15-year PFS: 55%), in particular in cases of incomplete 
resection (15-year PFS for non-resected patients: 27%) [4]. 

Introduction

Pediatric low-grade gliomas (pLGG) are the most common 
primary brain tumors in children [1]. They are a diverse 
group of WHO grade 1 and grade 2 glial and glioneuronal 
tumors [2], which typically contain a high proportion of 
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Incompletely resected pLGGs are a chronic disease, often 

4]. This underscores the need 

life for these patients.
pLGGs are almost exclusively driven by mutually exclu-

pathway [5
the BRAF gene, and comprise either structural BRAF rear-
rangements (~ 50% KIAA1549:BRAF fusions) or BRAF 
point mutations (~ 10% BRAFV600E mutations) [3].

The fact that pLGGs are mainly driven by increased 

6]. Two stud-
7] 

dabrafenib, one retrospective analysis [8] and one phase I/II 
clinical trial [9
of 80% [8] and 44% [9] respectively. Furthermore, the com-

BRAFV600E-driven 
pLGGs [10], as it showed an improved overall response 

11].
-

set of patients experiences fast tumor regrowth upon treat-
ment stop [8, 12]. This rapid tumor regrowth is also referred 

-

tumor regrowth (≥25%) within three months after treatment 

e.g. median time to progression after dabrafenib treatment: 
2.3 months) [8], and in some patients faster tumor growth is 

-
ment (clinical observation). While tumor regrowth is also 
observed in patients after chemotherapy treatment, time to 

-
estingly, tumors showing rebound growth remain sensi-

8, 13], suggesting that 

observed pattern.
In the present study, we show that, in a BRAFV600E-driven 

model with co-occurring CDKN2A/B deletion, rebound 

-

Materials and methods

Cell culture

-

BT314 were cultured as described previously [14, 15] 

previously, to culture cells in proliferating state oncogene-
induced senescence, otherwise observed in these cells, is 

14, 15]. 
Further details on this system and the pipeline used to estab-
lish these models are described in detail in the original pub-
lications [14–16].

and sodium pyruvate (cat. no. 11,360,039, ThermoFisher 

to experiment start in complete media (containing all sup-
plements) and upon experiment start switched to minimum 
media (MM).

For further details see Supplementary materials and 
methods.

Drug treatments and withdrawal

Table S3. For details on drug concentration choice and the 
withdrawal procedure see Supplementary materials and 
methods.

Metabolic activity assay for IC50 determination

(cat. no. G9241, Promega) according to the manufacturer’s 
instructions. For further details see Supplementary materi-
als and methods.

Cell counting for growth curve analysis

-

S1. For further details see Supplementary materials and 
methods.
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Cell cycle analysis by flow cytometry

described previously [17].

RNA isolation, cDNA synthesis and quantitative 
reverse transcription real-time PCR (RT-qPCR)

18]. Primers 
were purchased from Qiagen or Invitrogen (Table S5). For 
further details see Supplementary materials and methods.

Protein extraction and immunoblotting

S6. For further details 
see Supplementary materials and methods.

RNA sequencing and data processing

2 × -
-

col. For details see Supplementary materials and methods.

LC-MS/MS proteomics and phosphoproteomics data 
generation and processing

(cat. no. V5072, Promega) and either cleaned up using self-

for phospho-peptides using the High-Select™ TiO2 Phos-

details on sample processing, data generation and process-
ing see Supplementary materials and methods.

Luminex-based multiplex assay

The Luminex-based multiplex assay was performed using 

-

were used as indicated in Table S7. For details see Supple-
mentary materials and methods.

Kinase phosphorylation array

-
ufacturer’s instructions using 400 µg of protein lysate per 

ImageJ (v2.9.0).

Stimulation with recombinant cytokines

no. 300 − − 12, Pep-
− 17, PeproTech) or the combi-

nation of all four.

Treatment with neutralizing antibodies

For cell count experiments and western blot analysis, cells 

Conditioned media collection for transwell assay

For conditioned media collection, BT-40 were treated for 
-

ment, and on day 5 treatment withdrawal was performed. 

treatment (24 h after the last media change), and 24 h after 

Transwell migration assay

Transwell migration assays were performed using a 24-well 

experimental procedures are described in the Supplemen-
tary materials and methods.

Transwell co-culture

upon seeding in the upper transwell chamber (6-well format, 

seeding, transwell inserts were added into wells containing 

whole transwell chamber.
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to re-proliferate after two days, at a similar rate as control 
cells (DT control:69.8 ± 14.9 h vs. DT after: 96.0 ± 34.1 h), 
with increased cell numbers at 10 days after withdrawal, 

criteria 4. Similar patterns were observed upon dabrafenib 
and trametinib combination treatment and withdrawal (Fig. 
S3
and carboplatin), showed no cell regrowth upon withdrawal 
in the timeframe investigated (Fig. 1

-

(Fig. 1

suitable model to study the rebound growth.

BT40 xenograft in vivo model

-

For details on experimental procedures see Supplementary 
materials and methods.

Statistics

Statistical analysis was either performed using GraphPad 

tests performed and number of independent biological rep-

value ≤ 0.05 if not otherwise indicated. For details see Sup-
plementary materials and methods.

Results

Establishment of an in vitro MAPKi withdrawal 
rebound model

We tested several patient-derived in vitro models with the 

-
S1, for 

details see Supplementary materials and methods section) 
and are within clinically relevant concentrations (Table S4).

KIAA1549:BRAF
or BRAFV600E -

compared to untreated cells (Fig. S2

rebound model criteria 1), presence or absence of rebound 
growth upon treatment withdrawal could not be assessed, 

growth. In contrast, treatment of the pleomorphic xantho-

19], 
driven by BRAFV600E and co-occurring CDKN2A/B dele-
tion, with 5 nM dabrafenib induced a decrease of cell pro-
liferation (Fig. 1

Fig. 1

using BT-40 (BRAFV600E, CDKN2A/Bdel). (a-b) Viable cell counts 
during treatment and withdrawal with 5 nM dabrafenib (dabra) (a) or 

and 4µM carbo (b). Dashed line indicates withdrawal timepoint. Via-

on a logarithmic scale (base 10) as mean ± SD (n = 3 independent bio-
logical replicates). Doubling time (DT) was calculated from two to ten 
days for each biological replicate (n = 3) and is indicated in hours as 
mean ± c) Viable 
cell counts during withdrawal of cells pretreated with 5 nM dabrafenib 

Data is shown on a logarithmic scale (base 10) as mean ± SD (n = 3 

*** adj-p-value ≤ d-e) Western 

nM dabrafenib (dabra) followed by treatment withdrawal. Blots shown 
are representative of three independent biological replicates (d). Quan-

e
shown as mean ± SD (n = 3 independent biological replicates). One-
sample t-test, *p-value ≤ 0.05 **p-value ≤ 0.01 ***p-value ≤

f FOS gene 
-

± SD (n = 3 inde-
pendent biological replicates). One-sample t-test, *p-value ≤ 0.05 
**p-value ≤ 0.01 ***p-value ≤ g) 

dabrafenib (dabra), 2.7nM dabrafenib and 0.3nM trametinib (d + t), 
-

tine and 4µM carboplatin (v + c). Percentage of single cell population 
± SD (n = 3 inde-

* adj-p-value ≤ 0.05 ** adj-p-value ≤ 0.01 *** adj-p-value ≤
h

in Figure S2

dabrafenib and 0.3 nM trametinib (d +
40 µM carboplatin (carbo) or 1 nM vincristine and 4 µM carboplatin 
(v + c). Data is shown as mean ± SD (n = 3 independent biological rep-

≤ 0.05 
**adj-p-value ≤
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-

(Fig. 2
was observed within hours to one day (protein phosphory-
lation: 2 h, gene expression: 6 h, protein expression: 24 h) 
(Fig. 2
during dabrafenib withdrawal was observed on the level of 
gene expression and protein phosphorylation (Fig. 2a-b), in 
line with our aforementioned data.

regulated genes, proteins and phospho-peptides showed 
-

sion or phosphorylation was induced during dabrafenib 
treatment, and maintained at least until 24 h of withdrawal 

≥ 1.5 or 
≤ 2d-e, Fig. S4a) before reaching baseline levels 
(= untreated control) again. Within the upregulated genes 

≥ 1.5) and proteins 
≥ -

beta signaling, respectively, was observed (Fig. 2f-g, Table 
S8, Table S9
regulated phospho-peptides (adj. p-value < 0.01 at a given 
time-point) suggested increased activity of several signaling 

-

2h).
On the other hand, decreased cell cycle activity was 

indicated by GO-term analysis of downregulated genes 
≤ -1.5) and proteins 

≤ -1.5) (Fig. S4b-c, Table S10, 
Table S11
activity (Fig. 2h). This is in line with cell cycle arrest upon 
treatment (Fig. 1g) and decreased cell proliferation seen 
until two days of withdrawal (Fig. 1a).

-

potentially participating in tumor rebound upon withdrawal. 
Treatment withdrawal on the other hand led to the reacti-

-

induced changes.

Cytokine expression and increased AKT activity 
are independent mechanisms without a tumor cell 
intrinsic effect on rebound growth

-
> 2, 

padj < S4d) using a commer-
cially available Luminex-based multiplex assay (covering 

Characterization of the BT-40 in vitro rebound 
model

days treatment with 5 nM dabrafenib (Fig. 1
analysis (Fig. 1g) indicated arrest in G1/0-phase upon 

cleavage (Fig. 1h, Fig. S3

1d-e), indicating a rapid reactivation 

increased above control levels (Fig. 1d-e). Furthermore, 
20], was re-

expressed at later withdrawal timepoints (24–72 h). FOS 
21], 

showed a 2.5-fold increase compared to baseline two hours 
after withdrawal (Fig. 1f). While reactivation occurred 
slightly later (6 h) after combined dabrafenib and trametinib 

-
parable (Fig. S3c-e). Importantly, DMSO withdrawal did 

S3f-h), indicat-

procedure.
-

ment and withdrawal did not induce consistent changes in 
FOS gene 

S3i-n). 
1g) showed an increase in the sub-

G1 population in all chemotherapy treatments, indicating 

1h, 
Fig. S2b), in line with the strongest induction of subG0/1 
(Fig. 1g).

-

-

Multi-omics analysis reveals dynamic changes in 
MAPK pathway activation, cytokine expression 
and AKT signaling upon dabrafenib treatment and 
withdrawal

To investigate the underlying molecular mechanisms of 

omics dataset from our BT-40 rebound model upon dab-
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Fig. 2

dabrafenib treatment and withdrawal. (a-c -

54] for 
phosphoproteomics data (a 55
(b 56] for proteomics 
data (c
extend from the hinge to the largest/smallest value no further than 1.5 

tailed unpaired t-test, *p-value ≤ 0.05 **p-value ≤ 0.01 no indication: 
n = 3 independent biological replicates). (d-e) Longi-

a) and 
proteins (e

Only genes and proteins with an adjusted p-value < 0.01 for at least 

single genes or proteins, framed lines show clusters mean. Dotted line: 
= +/-1.5 (n = 3 independent biological replicates). (f-g) GO-

term enrichment analysis of upregulated genes (clusters 1 and 2 from 
panel d, cluster-mean ≥ 1.5) (f), and proteins (cluster 1 from panel e, 
cluster-mean ≥ 1.5) (g
p-value ≤ -
ping genes and named based on the GO-Term with highest percentage 
of mapped genes. (h

(adj. p-value < 0.01 at a given timepoint) were included in the analysis. 
*adj-p-value ≤ 0.05 **adj-p-value ≤ = no 
prediction (n = 3 independent biological replicates)
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days of treatment in 10/12 mice (non-responding mice were 

three days of withdrawal and before harvesting of tumors in 
2/6 mice, suggesting the possibility of rebound growth in 
our in vivo model (Fig. 4a-d).

Gene expression analysis of tumor samples showed 
decreased FOS expression during treatment and re-expres-
sion during treatment withdrawal compared to untreated 
controls (Fig. 4
patterns observed in vitro.

dabrafenib treatment and maintained upon withdrawal (Fig. 
S5
with a > 2-fold increase compared to DMSO withdrawal 

> S12). Of these eleven, secre-
-

cantly higher 24 h after dabrafenib withdrawal compared to 
DMSO, one day before cells are proliferating again (Fig. 3a, 
Fig. S5b).

-

3b-d, Fig. S6c), but no increased TGF-
S6a-c).

Of note, increased expression of CCL2, CX3CL1, 
CCL7 and CXCL10
observed for dabrafenib and trametinib combination treat-
ment and withdrawal (Fig. S6d-f).

-

BT-40 (Fig. S7a), neither stimulation with recombinant 
3 -

S7

3g, Fig. S7d-e). Overall, this indi-

inhibition only (Fig. 3h-i, Fig. S7d-j).

-
ral driver of the intrinsic tumor rebound mechanism in our 
rebound model.

In vivo validation of MAPK pathway reactivation 
during rebound growth

treatment withdrawal in vivo, BT-40 cells were engrafted 
-

ate samples for molecular analysis (gene expression) dur-

Fig. 3

(a -

(solvent control) or 5 nM dabrafenib. Data is shown as mean ± SD 
(n = 3 independent biological replicates). Two-tailed unpaired t-test, 
*p-value ≤ 0.05 **p-value ≤ b) 

5 nM dabrafenib or DMSO (solvent control) followed by 24 h with-

in technical duplicates. Images shown are representatives of two bio-
logical replicates. (c-d

to 72 h withdrawal. Blots shown are representative of three indepen-
dent biological replicates (c d) is relative to solvent 

± SD (n = 3 inde-
pendent biological replicates). One-sample t-test, * p-value ≤

e-f

days with DMSO or 5 nM dabrafenib (dabra) served as negative and 
positive control for western blots (e). Blots shown are representative 
of three biological replicates (e f) was done relative 
to untreated samples (dashed line) and is shown as mean ± SD (n = 3 

g

-

and is shown as mean ± SD (n = 3 independent biological replicates). 
One-sample t-test, *p-value ≤ 0.05 **p-value ≤

h) Viable cell counts during treatment with 5nM dab-
rafenib (dabra) alone or in combination with a combination of antibod-

mL), 5 µM alpelisib (alp) or 1 µM ipatasertib (ipa) followed by ten 
days of withdrawal. Dashed line indicates withdrawal timepoint. Via-

on a logarithmic scale (base 10) as mean ± SD of at least three biologi-
cal replicates. (i) Viable cell counts during treatment with 5 nM dab-
rafenib (dabra) followed by withdrawal. During withdrawal cells were 
either untreated (=

(1 µg/mL), 5 µM alpelisib (alp) or 1 µM ipatasertib (ipa), followed 
-

is shown on a logarithmic scale (base 10) as mean ± SD of at least three 
biological replicates
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-
ties, that could further increase tumor growth (i.e. optional 
rebound model criteria 4), which was not observed in 

MAPKi-induced cytokines attract microglia in a 
paracrine fashion
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Fig. 4

in BT-40 orthotopic xenograft model. (a-d

six doses, once daily) followed by three days of withdrawal. Tumor 
growth was measure by bioluminescence imaging and is shown for 
each individual animal as radiance in photons/s/cm²/steradian (d). 
Dashed lines indicate treatment start and treatment stop. Biolumines-
cence images (a-c) of untreated animals (control, n =
undergoing treatment (n = -
lowed by withdrawal (n = = before treatment start. (e) 

FOS expression in BT-40 xenograft tumors after 

daily) followed by three days of withdrawal (withdrawal). Samples 
-

was done relative to the median of untreated samples (control). FOS 

were set to 40 (max. number of cycles). Boxplots depict the median, 

n = 3 mice, dabra: n = 4 mice, withdrawal: n = 6 
mice)
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-
ies using more suitable models, including non-rebounding 
models as additional control.

-

8, 13

reactivation plays a role in the rebound growth. In addition 
to a rapid reactivation, we observed a transient overshoot-
ing activation of the pathway, which has also been observed 

31–33]. Interestingly, 

target gene expression (FOS
-

addiction models [31–33

34

this phosphatase may induce apoptosis due to overshooting 
35, 36].

-
37–39] and 

40–42], 
including pLGGs [43]. In contrast to what was previously 
described for BT-40 [43

-
ment (i.e. angiogenesis) [43
in vitro setting.

Our analysis furthermore revealed increased expression 

and withdrawal in vitro, with a trend for increased expres-
sion of CX3CL1 and CXCL10 also in vivo. While cyto-

44–47], in our rebound model, inhi-

a tendency for increased attraction of microglia cells, which 
3]. In 

-
22–24, 48–51], a trend for 

[22–24], we investigated microglia attraction using condi-
5a). Indeed, increased migration of 

5b, d), which was reversed by the 

5
could show that microglia cells support BT-40 growth (Fig. 
S8), suggesting that microglia cells recruited upon treat-
ment withdrawal could increase tumor growth (i.e. optional 
tumor rebound criteria 4). Importantly, a trend for increased 

CX3CL1 and CXCL10 in tumor 
cells was also observed upon dabrafenib treatment in vivo 
(Fig. 5

in immunocompetent mice, yet to be established [25], will 

Of note, increased microglia attraction was also observed 
-

ment (Fig. S9). The role of microglia in the treatment period 
remains to be elucidated.

-

investigation using more complex models.

Discussion

a clinical challenge and is not well understood. Both predic-
tion as well as prevention of rebound growth need a deeper 
molecular and biological understanding of the underlying 
mechanisms driving it.

We successfully modeled the rebound growth of pediat-

(BRAFV600E, CDKN2A/Bdel). However, in additional pLGG 
models driven by KIAA1549:BRAF

BRAFV600E

treatment, in line with previous data [14, 15, 26]. This may 
-

14, 27, 28] in the proliferating cells and 
by the biology of senescent cells, which commonly do not 
undergo apoptosis [15, 26, 29

absence of rebound growth could not be assessed and these 

our BT-40 rebound model represents an important pediatric 

have the poorest prognosis [30
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in vivo [52]. This suggests a potential tumor growth-promot-

treatment and/or immediately after withdrawal while cyto-

compared to before treatment. Furthermore, attraction of 
-

decreased microglia attraction was observed upon inhibition 

Increased microglia attraction by the tumor cells upon 
-

tribute to a neuroradiologically growing tumor mass, as 
-

a study using BRAF fusion-driven neural stem cells showed 
the importance of microglia recruitment for tumor formation 
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currently favored to surgery to treat rebounding patients 

inhibitors for the treatment of pediatric glioma is enough to 
-

treatment strategies, possibly involving modulation of the 
tumor immune microenvironment, suggested to play a role 

life.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s11060-
024-04672-9.
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