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Graphical Abstract

∙ GHR overexpression is observed in one third of GBM patients.
∙ GHR overexpression is associated with SOCS2 promoter hypermethylation
leading to low levels of SOCS2 expression.

∙ GHR signalling promotes cell migration, invasion and proliferation in vitro
and promotes tumourigenesis, tumour growth and tumour invasiveness in
vivo.
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Abstract
Objective: New therapeutic approaches are needed to improve the prognosis of
glioblastoma (GBM) patients.
Methods: With the objective of identifying alternative oncogenic mechanisms
to abnormally activated epidermal growth factor receptor (EGFR) signalling, one
of the most common oncogenic mechanisms in GBM, we performed a compar-
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ative analysis of gene expression profiles in a series of 54 human GBM samples.
We then conducted gain of function as well as genetic and pharmocological
inhibition assays in GBM patient-derived cell lines to functionnally validate our
finding.
Results:We identified that growth hormone receptor (GHR) signalling defines
a distinct molecular subset of GBMs devoid of EGFR overexpression. GHR over-
expression was detected in one third of patients and was associated with low
levels of suppressor of cytokine signalling 2 (SOCS2) expression due to SOCS2
promoter hypermethylation. In GBM patient-derived cell lines, GHR signalling
modulates the expression of proteins involved in cellular movement, promotes
cell migration, invasion and proliferation in vitro and promotes tumourigenesis,
tumour growth, and tumour invasion in vivo. GHR genetic and pharmacological
inhibition reduced cell proliferation and migration in vitro.
Conclusion: This study pioneers a new field of investigation to improve the
prognosis of GBM patients.

KEYWORDS
cellmigration, comparative analysis, glioblastoma, oncogenicity, pre-clinicalmodels, therapeu-
tic target, tumour invasion

1 INTRODUCTION

Glioblastoma (GBM) is the most frequent primary brain
cancer in adults, accounting for ∼50% of gliomas.1–3
In most cases, the outcome of GBM patients remains
dismal with a median overall survival (OS) ranging
between 12 and 24 months despite intensive treat-
ments, including surgical resection, cytotoxic chemother-
apy and radiation therapy.4–6 Therefore, new therapeutic
approaches are needed to improve the prognosis of GBM
patients.
Within the past two decades, OMICS technologies

have allowed identification of recurrent molecular abnor-
malities and altered intracellular signalling pathways in
GBM and have improved our understanding of oncogenic
drivers in these tumours at the biological and clinical
levels.7–10 The integration of such molecular information
with mechanistic and clinical data has contributed to por-
tray a comprehensive view of GBM molecular landscape
and its impact on tumour cell phenotypes and clini-
cal behaviour.11–13 Importantly, these studies have led to
the development of new therapeutic strategies targeting
oncogenic signalling pathways for the treatment of GBM
patients. Recent studies have shown the added value of
patient stratification to improve targeted drug efficacy.14
For instance, receptor tyrosine kinase inhibitors combined
with careful patient stratification has shown some efficacy
for GBM treatment in clinical trials.15 These promising
results illustrate that a better understanding of GBM onco-

genic biological mechanisms is a critical step towards the
development of innovative therapeutic strategies.
Epidermal growth factor receptor (EGFR) overexpres-

sion has been long known as the most frequent genetic
alteration in GBM.13 It is observed in more than 60% of
cases,16 generally as a result of EGFR gene amplification.
However, a significant subgroup of GBMs does not present
EGFR overexpression, yet is still linked with aggressive
disease and poor prognosis. Molecular alterations present
in low-EGFR-expressing GBMs have been identified (e.g.
PTEN deletion, alterations in the TP53 or RB1 pathways),13
but none of these alterations are specific to this subgroup.
Dissection of molecular alterations in these GBMs is thus
important both to improve our understanding of GBM
oncogenesis and to design new targeted therapies for this
subgroup.
With this objective, we have conducted a molecular

analysis in a panel of 54 GBM samples. This approach
allowed us to identify the growth hormone receptor (GHR)
pathway as an alternative oncogenic axis in low-EGFR-
expressing GBMs. Indeed, functional in vitro and in vivo
assays using our patient-derived cellular models show
that GHR signalling is involved in GBM cell migra-
tion and invasiveness. Enhanced migration/invasion is a
major obstacle for efficient surgical resection in GBM,
tumour cells dispersed in the parenchyma being a primary
source of tumour relapse.17 We are thus establishing here
GHR as an important oncogene with relevant therapeutic
implications in a subgroup of GBM.
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2 RESULTS

2.1 Identification of GHR signalling
pathway activation in a subgroup of
low-EGFR-expressing GBMs

Gene expression profiles of 54 supratentorial newly diag-
nosed de novo GBMs retrieved from the OncoNeuroTek
biobank (ONT, Paris Brain Institute, Paris) were compared
using data from expression microarrays. The study cohort

included 37 men and 17 women (sex ratio = 2.17). The
median age at diagnosis was 58.25 years (range: 26–84-year
old). EGFR expression distribution and EGFR high versus
low subgroup definition can be seen in Figure S1A. Ingenu-
ity pathway analysis (IPA) of differentially expressed genes
(DEGs) between the two subgroups (Tables S1 and S2)
identified signal transducer and activator of transcription
(STAT) pathway as the most significantly (p = 1.56E − 6)
modulated canonical pathway in low-EGFR-expressing
GBMs (Figure 1A). As shown in Figure 1B, STAT

F IGURE 1 Newly diagnosed glioblastomas (GBMs) exhibit different epidermal growth factor receptor (EGFR), suppressor of cytokine
signalling 2 (SOCS2) and growth hormone receptor (GHR) expression patterns. (A) Top-most significantly modulated canonical pathways
between low (n = 27) versus high (n = 27) EGFR-expressing GBM. The bar size represents the –log(p). (B) Signal transducer and activator of
transcription (STAT) signalling pathway with differential expression status (up/red, down/green) in low versus high-EGFR-expressing GBMs.
(C) EGFR, SOCS2 and GHR expression heatmap in GBM samples (n = 54). (D) GHR expression in the ONT GBM cohort measured by
RT-qPCR. A break (arrow) can be seen in the overall distribution and was used to define GBMGHR high versus GBMGHR low groups. Comparison
of expression of GHR RT-qPCR data in GBMGHR high (n = 18) versus GBMGHR low (n = 36). Y-axis represents 2−ΔCT for each gene relative to
PPIA expression. ****p ≤ .0001. (E) Immunohistochemistry (IHC) staining of GHR (top) and p-STAT5 (bottom) shows high-GHR protein
expression in two GBMGHR high cases, whereas no protein expression is detected in a GBMGHR low case. Scale bars in insets correspond to
30 μM. Black arrows show positive cells, whereas grey arrows show negative cells. Additional regions per cases and negative controls can be
seen in Figure S3. GHR IHC images shown are representative of 17 GBM cases (6 GBMGHR high, 10 GBMGHR low) analysed. Positive GHR
protein expression is found in ≥30% of tumour area of GBMGHR high cases. (F) Distribution of GHR mRNA expression (normalized gene level
RNA-sequencing expression data in FPKM) in tumour anatomic structures defined as part of the Ivy Glioblastoma Atlas project,73 such as
infiltrative tumour (IT), leading edge (LE), cellular tumour (CT) and pseudopalisading cells around necrosis (PAN). ***p ≤ .001; *p ≤ .05. (G)
Proportional distribution of EGFR genomic alterations (mutations or amplification) and molecular subtypes in GBMGHR high (n = 60) versus
GBMGHR low (n = 456) (TCGA dataset, z-score of 1.3). Results were analysed by Pearson’s chi-square test.
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signalling pathway per se included three DEGs: EGFR
(down, p = 1.52E − 20; Tables S1 and S2) and two master
regulators of GHR signalling pathway, GHR (upregulation
p = 8.18E − 4) and suppressor of cytokine signalling 2
(SOCS2; down, p = 1.01E − 5). The expression of STAT
genes was not different between the subgroups. Based on
the expression level of these three DEGs (EGFR, SOCS2
and GHR), the present GBM series (Figure 1C), as well as
five independent cohorts accounting for a total of more
than 650 additional cases (Figure S2),9,13,18–20 could be clas-
sified into two main groups exhibiting mirror images: (1)
GBMs with low-GHR expression and high-EGFR/SOCS2
expression (GHRlow/EGFRhigh/SOCS2high), and (2) GBMs
with high-GHR expression and low-EGFR/SOCS2 expres-
sion (GHRhigh/EGFRlow/SOCS2low). Coherently, in these
series, the expression of GHR versus EGFR or SOCS2 was
significantly inversely correlated (p < .0001).
The GHR is the archetype of the cytokine receptor

family, which includes non-tyrosine kinase receptors that
signal through various associated kinases.21 Growth hor-
mone (GH) binding to predimerized GHR induces con-
formational changes leading to the phosphorylation of
GHR-bound JAK2 tyrosine kinase that, in turn, phos-
phorylates downstream effectors, including the GHR
and STATs, resulting in the activation of the JAK-STAT
pathway.22 SOCS2 is a typical target gene of the canoni-
cal GHR/JAK2/STAT5b pathway.23,24 SOCS2 protein is the
main negative regulator of GHR signalling25–27 acting at
two levels: interference with STAT5 recruitment to the
GHR complex, leading to interruption of GHR-induced
JAK/STAT signalling, and downregulation of GHR protein
through direct ubiquitination and proteasome-mediated
degradation.27
Although SOCS2 expression is a marker of GHR activ-

ity, the inverse correlation between GHR and SOCS2
expression in our GBM cohorts was thus intriguing and
led us to explore the functionality and role of GHR
signalling pathway in GBM. To investigate further the
impact of high-GHR expression in GBMs, a subgroup
termed GBMGHR high was determined in our cohort on
the basis of GHR mRNA expression measured by RT-
qPCR (Figure 1D). GBMGHR high represented 33.3% of
our cohort. The differential GHR expression by RT-qPCR
was highly significant (fourfold increased expression in
GHRhigh vs. GBMGHR low cases, p < .0001) (Figure 1D).
As determined by immunohistochemistry analysis using
an anti-GHR antibody directed against the intracellular
domain,28 GHR protein expression was detected in at least
30% of tumour area ofGHRhigh cases (Figure 1E). Phospho-
rylated (p)-STAT5, a canonical target of GHR signalling,
was detected in the nucleus of many cells within positive
GHR staining regions (Figure 1E). Importantly, the analy-
sis of Ivy Glioblastoma Atlas project dataset showed that

GHR mRNA expression was significantly enriched in the
infiltrating tumour (IT) anatomical structure compared to
the core of the tumour, termed here cellular tumour (CT)
(Figure 1F).
Comparison between patients with GBMGHR high or

GBMGHR low from ONT series revealed no difference in
terms of prognosis (14.47months vs. 14.00months, p= .87),
age at diagnosis and sex ratio (Figure S1B–D). GBMGHR low

samples being characterized by high EGFR expression
(Figure 1C), this overall suggests that the clinical impact
of GHR overexpression was comparable to that of the
oncogenic driver EGFR. The clinical and molecular signif-
icance of GHR was also assessed in TCGA dataset.13,29 In
this series, patient prognosis was not impacted either by
GHR expression status. Of note, no amplification, deletion
or somatic mutation of GHR were reported in this GBM
series. Expectedly, EGFR amplified or mutant cases were
underrepresented in GBMGHR high (Figure 1G). Distribu-
tion analysis with previously described molecular and epi-
genetic subtypes12,30 revealed that the molecular subtypes
were distributed differently between GBMGHR high and
GBMGHR low (Figure 1G). Indeed, an enrichment of glioma
CpG island methylator phenotype (G-CIMP) and mes-
enchymal subtypes was observed in TCGA GBMGHR high

samples, whereas the classical and proneural subtypes
were underrepresented (Figure 1G). Isocitrate dehydroge-
nase 1 (IDH1) somatic mutant R132H cases, which are
associated with G-CIMP subtype,30 were found to be
enriched in GBMGHR high from ONT (18% in GBMGHR high

vs. 0% in GBMGHR low cases) and TCGA cohorts (14% in
GBMGHR high vs. 2% in GBMGHR low cases) (Figure S1E),
albeit constituting a minority of GBMGHR high cases in
these series.
Together, these analyses identified GHR signalling as

a novel candidate oncogenic pathway that defines a dis-
tinct molecular subset of GBMs devoid of canonical EGFR
overexpression, and presenting prognoses comparable to
EGFR-driven GBMs.

2.2 GHR signalling is active in
preclinical models of GBMGHR high

To assess further the relevance of GHR pathway in
GBMGHR high, we first quantified GHR and EGFR expres-
sion by RT-qPCR in a series of 19 GBM patient-derived
cell lines (PDCLs) cultivated in neural stem cell conditions
(deprived of serum). We used a threshold of 2−ΔCT = .2
(80th-percentile) to identify GBM PDCLs with high lev-
els of GHR or EGFR expression. Although 6/19 PDCLs
exhibited EGFR and GHR mRNA levels below this strin-
gent threshold (Figure 2A),GHR andEGFR overexpression
was identified in 6/32 (18.8%) and 7/32 (21.9%) GBM
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F IGURE 2 Growth hormone receptor (GHR) overexpression is linked with functional STAT5 signalling in vitro, increased circulating
hGH in patients and increased suppressor of cytokine signalling 2 (SOCS2) promoter methylation. (A) GHR and epidermal growth factor
receptor (EGFR) expression levels in a series of 19 glioblastoma (GBM) patient-derived cell lines (PDCLs) as determined by RT-qPCR. Y-axis
represents 2−ΔCT for each gene relative to PPIA expression. The threshold of 2−ΔCT = .2 (80th percentile value for both genes) is represented by
the grey line. (B) Expression data of GHR, EGFR and SOCS2 of samples shown in panel A were averaged for GHRlow and GHRhigh subgroups.
(C) Western blot showing p-STAT5 in PDCLs exposed to 221-ng/ml growth hormone (GH) (10 nM) with or without 349-ng/ml AZD1480 JAK2
inhibitor (1 μM). Densitometric values were normalized to actin levels. (D) Concentration of GH (pg/ml) detected in supernatants of GBM
PDCLs after 45 h of culture. **p ≤ .01; *p ≤ .05 compared to culture medium. (E) Plasmatic GH concentration in patients with GBMGHR high or
GBMGHR low (n = 28). (F) SOCS2 expression level in PDCLs from GHRlow and GHRhigh groups exposed (+) or not (−) to 221 ng/ml (10 nM) GH
for 24 h. HEK293 cells stably overexpressing GHR (HEK293 GHR wild type [WT]) were used as positive control. (G) SOCS2 promoter
methylation in a panel of PDCLs (n = 9) or GBMs tumours (n = 20), grouped as GHRlow or GHRhigh. ****p ≤ .0001 as calculated by ANOVA
two-way test

PDCLs, respectively (Figure 2A). Remarkably, GHR and
EGFR overexpression were mutually exclusive. On aver-
age, theGHR expression level was dramatically elevated in
GHRhigh versus GHRlow PDCLs, and the latter displayed
significantly higher EGFR expression level than the for-
mer (Figure 2B), consistent with what was observed in
GBM tissue samples. In these basal culture conditions (i.e.
deprived of exogenous GH), SOCS2 expression levels were
not different between both PDCL groups.
To investigate GHR function in GBM PDCLs,

GBM1GHR high, N13-1300GHR high, N14-1525GHR high

and N13-1520GHR low were exposed to human GH for
15 min. STAT5 phosphorylation was used as a marker
of JAK/STAT signalling activation and assessed by
immunoblotting (Figure 2C). The level of p-STAT5 was
increased in the three GBMGHR high cell lines, whereas no
change could be detected in N13-1520GHR low. As expected,
the addition of JAK2 inhibitor AZD1480 reduced GH-
induced p-STAT5 in GBM1GHR high. Exposure of human
immortalized astrocytes to GH did not activate STAT5.
Next, we addressed whether GBM PDCLs expressed

GH by measuring the levels of secreted hormone in
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culture supernatants using ELISA (Figure 2D). No GHwas
detected in neurosphere culture supernatants used as con-
trols. Globally, GH expression was higher in GHRhigh (red
bars) than in GHRlow (blue bars) GBM cells. Two out of
the six PDCLsGHR high tested produced significant amounts
of GH (N14-1525 and GBM1), and two PDCLsGHR high
produced detectable amounts of GH yet not statistically
different from valuesmeasured in the supernatant (p= .174
and .161, for N13-1300 and N15-0385, respectively). Such
levels (sub-pM range) were nevertheless too low to induce
detectable GHR signalling in routine immunoblotting con-
ditions (Figure 2C, control untreated conditions). None of
the seven PDCLsGHR low tested produced detectable levels
of GH. Interestingly, although GH plasma level in GBM
patients fell within the normal range of healthy adults
(200–2000 pg/ml),31 GBMGHR high patients exhibited ∼2-
fold higher GH plasma levels than GBMGHR low patients
(mean of 419 pg/ml in GBMGHR low patients vs. 1026 pg/ml
in GBMGHR high patients; Figure 2E).
Together, these data indicate that PDCLGHR high are

more responsive to GH than their GHRlow counterparts. In
patients, GBMGHR high is associatedwith increased levels of
circulating GH.

2.3 GBMGHR high is linked to a disruption
of SOCS2-dependent negative regulation
through SOCS2 promoter hypermethylation

We then aimed to elucidate the mechanism underly-
ing low-SOCS2 expression in GBMGHR high (Figure 1C).
SOCS2 participates in the downregulation of GHR protein
through direct ubiquitination and proteasome-mediated
degradation and is normally upregulated upon GHR
signalling activation.27 We thus hypothesized that this
negative feedback mechanism may no longer be func-
tional in GBMGHR high, thus preventing GHR downregu-
lation and subsequent inhibition of GHR signalling. To
address this hypothesis, we analysed the ability of GH
to induce SOCS2 expression in various PDCLs, using
GHR-expressingHEK293 cells as a positive control. In non-
stimulated PDCLs, the basal levels of SOCS2 were com-
parable between GHRhigh and GHRlow cells (Figure 2B).
In agreement with undetectable GHR/STAT5 signalling
in GHRlow PDCLs exposed to GH, no significant GH-
mediated upregulation of SOCS2 could be observed in
three PDCLGHR low (Figure 2F). The trend observed for
4339 may reflect a ∼3-fold higher level of GHR expres-
sion compared to the N14-1208 and N13-1520 (Figure 2A).
In-line with our hypothesis, GH failed to induce SOCS2
expression in five PDCLGHR high (Figure 2F) despite dra-
matically higher levels of GHR expression (Figure 2A) and
marked STAT5 phosphorylation (Figure 2C). Hyperme-

thylation of SOCS2 promoter was previously reported as
a possible mechanism preventing SOCS2 upregulation.32
We thus investigated SOCS2 promoter DNA methylation
data in a panel of 9 PDCLs and 20 GBM tissue samples
(Figure 2G). The data show a clear increase in SOCS2
promoter methylation in PDCLsGHR high and GBMGHR high

compared to their GHRlow counterparts (Figure 2G).
Overall, our data indicate that the disruption in

GH-mediated upregulation of SOCS2 expression in
GBMGHR high is linked with SOCS2 promoter methylation
in this subgroup.

2.4 Activation of GHR signalling in
GBMmodulates cell migration and
invasion

To decipher the consequences of GHR overexpression in
GBM cells while avoiding the interference of confounding
factors due to the natural history and molecular context
specific to each GBM from which GHRlow and GHRhigh
PDCLs were generated, GHR-overexpressing PDCLs were
generated by stable transduction of GHRlow PDCLs (4339
and N13-1520) with expression vectors encoding human
wild type (WT)-GHR or a constitutively activated (CA)
form of rabbit GHR (CA-GHR).33,34 This CA-GHR vec-
tor encodes an engineered form of GHR in which the
extracellular domain has been replaced by leucine-zipper
sequences, which ensures the formation of GH-insensitive
GHR dimers exhibiting constitutive signalling activity.33
A GFP-encoding vector was used as a control. Validation
of these transformed PDCLs is shown in Figure S4A–D.
As expected,33,34 mild constitutive STAT5 signalling was
observed only in 4339CA-GHR or N13-1520CA-GHR. GH stim-
ulation markedly upregulated STAT5 signalling GH in
4339WT-GHR and N13-1520WT-GHR, but not in 4339CA-GHR
or N13-1520CA-GHR, in agreement with the insensitivity of
rabbit CA-GHR construct to human GH.
The analysis of the global proteome of each cell popula-

tion was then undertaken. Raw data have been deposited
to the ProteomeXchangeConsortiumvia the PRIDE35 part-
ner repository (identifier PXD004969). Proteomic expres-
sion data from 4339WT-GHR (in the absence of hGH) or
4339CA-GHR were compared to the data from 4339GFP
(Curie proteomic series, n = 3). Compared to 4339GFP, we
found 929 and 951 proteins differentially expressed (p< .05,
log2 fold change ≥ |1|) in 4339WT-GHR and 4339CA-GHR
cell lines, respectively, with 728 proteins common to both
lists. The most differentially expressed proteins are listed
in Tables S3 and S4 and compared in Figure S5. IPA of
differentially expressed proteins revealed that, among the
functions with the highest predicted activation z-score for
WT-GHR and CA-GHR (activation z-score ≥ .9), >70%
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F IGURE 3 Activation of growth hormone receptor (GHR) signalling promotes cell migration and invasion in vitro. (A) Most activated
biological functions in 4339WT-GHR or 4339CA-GHR versus 4339GFP (p ≤ .005) inferred from global proteomic analysis. Functions associated with
cellular movement are marked with an asterix. (B) Network of molecules whose expression status (up/shades of red, or down/shades of green,
p < .05) is predicted to promote activation of cell movement in 4339WT-GHR versus 4339GFP or 4339CA-GHR versus 4339GFP (activation z-score
+.9). (C–E) In vitro cell migration assays of patient-derived cell lines (PDCLs) 4339WT-GHR or 4339CA-GHR versus 4339GFP with representative
micrographs (C), N13-1520WT-GHR or N13-1520CA-GHR versus N13-1520GFP (D) and N14-1525WT-GH versus N14-1524GFP (E). Y-axis represents the
percentage of increase in sphere area over 24 h. (F) In vitro cell invasion assays of 4339WT-GHR or 4339CA-GHR versus 4339GFP and representative
micrographs. Y-axis represents the percentage of increase in sphere area over 24 h. (G) Effect of GHR signalling inhibition on in vitro
migration of GBM1GHR high. Cells were exposed to 20-μg/ml hGH-G120K for 24 h. (H) Effect of GHR expression inhibition on in vitro
migration of GBM1GHR high. CRISPR-induced GHR knockdown (KD) is compared to non-targeted control (NTC). (I) Effect of RGD peptide
integrin antagonist on in vitro migration of 4339GFP, 4339WT-GHR and 4339CA-GHR. Cells were exposed to 1-μg/ml RGD for 24 h. *p ≤ .05;
**p ≤ .01; ***p ≤ .001; ****p ≤ .0001

of listed functions (13/18 and 12/17, respectively) were
associated with cellular movement (Figure 3A). The dif-
ferentially expressed proteins whose expression status (up-
or downregulation) is consistent with the activation of
these biological processes are displayed in Figure 3B. They
include several members of the integrin family, including
integrin α4, α6, β4, β5 and β8. An independent proteomic
acquisition was undertaken that validated this observation
and confirmed the increased expression of integrin α6 and
β4 in 4339WT-GHR and 4339CA-GHR compared to 4339GFP.

In vitro functional assays using two transduced PDCLs
(4339 and N13-1520) expressing WT- or CA-GHR con-
structs were then conducted to assess the impact of
GHR expression on GBM cell movements involved in
cell migration and invasion. All assays were performed
in the absence of GH addition. To assess 2D in vitro
migration, we quantified the spreading of GBM neuro-
spheres deposited on laminin-coated culture plates. After
24 h, 4339CA-GHR cells exhibited significantly increased
migration capacity (Figure 3C) compared to 4339GFP cells.
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Similarly, N13-1520CA-GHR exhibited increased migration
activity compared to N13-1520GFP (Figure 3D). The ectopic
addition of GH to the assay did not result in an increased
migration of WT-GHR transduced cells (not shown), sug-
gesting that the effect of exogenous GH is too transient36
to translate into a significant phenotype.
Next, to assess the impact of a constant GH stim-

ulation on cell migration, we transduced the naturally
GHR-overexpressing N14-1525GHR high PDCL with GH (vs.
GFP) expression vectors (Figure S4E,F). Coherently, an
increase in migration was observed when N14-1525GHR high
overexpresses GH (Figure 3E).
In vitro invasiveness was assessed by depositing neuro-

spheres in Cultrex Basement Membrane Extract (BME).
4339CA-GHR was found to exhibit significantly increased
invasion capacity (Figure 3F) compared to 4339GFP, as
demonstrated by the presence of cellular extensions (white
arrows) in the BME matrix.
The impact of GHR inhibition in GBM cell line was then

assessed in vitro using both a pharmacological approach
(GH-G120K competitive antagonist) and a genetic knock-
down (KD) using the CRISPR/Cas9 gene-editing technol-
ogy. GHR KD was achieved by inducing a heterozygous
deletion of GHR exon 3 in GBM1GHR high cell line (Figure
S4G), which was confirmed by Sanger sequencing. Both
GH-G120K andGHRKDmarkedly reduced 2D in vitro cell
migration of GBM1GHR high (Figure 3G,H).
Finally, to confirm the role of the integrins in GHR-

driven cell migration, the impact of an RGD peptide,
a broad integrin antagonist37 reported to block cell
attachment to the extracellular matrix and inhibit cell
migration,38 was assessed on 4339GFP, 4339WT-GHR and
4339CA-GHR cells. RGD significantly decreased cell migra-
tion in 4339WT-GHR and 4339CA-GHR (Figure 3I), whereas
no significant effect was observed on 4339GFP.
Taken together, these data suggest that the activation

of GHR signalling in GBM is associated, in vitro, with
increased (1) expression of proteins involved in cellular
movement, in particular members of the integrin family;
(2) cell migration and (3) cell invasion. Conversely, the
inhibition of GHR expression and signalling reduces cell
migration.

2.5 Activation of GHR signalling
activates cell proliferation

We then evaluated the impact of GHR/GH constructs on
cell proliferation in vitro. Although no statistical difference
was observed for 4339WT-GHR and 4339CA-GHR compared
to 4339GFP (Figure 4A), cell proliferation was increased in
N13-1520CA-GHR compared toN13-1520GFP as demonstrated
by two different viability assays (wst-1 and CyQUANT;

Figure 4B). Consistently, the overexpression of GH in N14-
1525GHR high (N14-1525WT-GH) promoted cell proliferation
compared to N14-1525GFP as demonstrated using the same
two assays (Figure 4C). However, GHR KD did not sig-
nificantly impact cell proliferation in GBM1GHR high cell
line (Figure 4D), even though the impact on migration
was clear (Figure 3H), suggesting a more prominent role
of GHR on cell migration in this model. Finally, expo-
sure to GH-G120K for 96 h decreased the cell viability
of GHRhigh (GBM1GHR high and N14-1525GHR high) but not
of GHRlow (N13-1300GHR low and N13-1520GHR low) PDCLs
(Figure 4E).
Overall, the activation of GHR signalling increases cell

proliferation in GBM, an effect that can be prevented by
pharmacological GHR inhibition in GHRhigh PDCL but
not in GHRlow PDCLs.

2.6 Activation of GHR signalling
supports tumourigenicity

We then analysed the tumour-initiating capacity of the
three transduced 4339 PDCLs after intra-striatal inocu-
lation in immunocompromised Nude mice. Five months
after surgery, both 4339WT-GHR (2/3 mice) and 4339CA-GHR
(3/3) cell lines generated tumours inmouse brain, whereas
4339GFP did not (0/3) (Figure 5A). On average, CA-GHR-
generated tumourswere eight times bigger thanWT-GHR-
generated tumours, as evaluated by area measurement in
hNuMA-stained brain sections (Figure 5B).Histopatholog-
ical analysis of tumours revealed a proliferation of poorly
differentiated astrocytic cells and of undifferentiated cells
with a high nucleocytoplasmic ratio, numerous mitosis
and areas with necrosis, suggestive of GBM tumours with
a primitive component (Figure 5A). This aspect was rem-
iniscent of the parental GBM from which 4339 PDCL
was derived (Figure S6). These results were validated in
a second study in which 4339GFP and 4339CA-GHR were
transduced to express the luciferase gene then grafted
into the striatum of mice (12 mice/group). The time post-
graft when tumours were considered established (10-fold
increase in bioluminescence signal) (Figure 5C) showed
that although 4339CA-GHR-generated tumours were estab-
lished at a median of 43-day post-grafting, no mice grafted
with 4339GFP reached this threshold. Mouse survival
was also significantly impacted by CA-GHR expression
(Figure 5D). N13-1520CA-GHR and N13-1520GFP were also
grafted into mouse brain (12 mice/group). In this model,
the CA-GHR construct did not impact the time to tumour
establishment (not shown) but significantly impacted
mouse survival (Figure 5E).
Next, N14-1525WT-GH and N14-1525GFP were grafted into

the striatum of mice. Although GH expression did not
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F IGURE 4 Activation of growth hormone receptor (GHR) signalling increases proliferation in vitro. (A–C) In vitro cell proliferation of
4339WT-GHR and 4339CA-GHR versus 4339GFP (A), N13-1520WT-GHR and N13-1520CA-GHR versus N13-1520GFP (B), N14-1525WT-GH versus N14-1524GFP

(C) and GBM1 NTC versus GHR KD (D) was measured using Wst-1 assay and, if significant, validated using CyQUANT assay, as indicated.
Y-axis represents optical density or fluorescence at 72 h relative to GFP condition. *p ≤ .05; **p ≤ .01. (E) In vitro cell proliferation (Wst-1) of
GHRhigh and GHRlow cell lines in response to GH-G120K. Y-axis represents optical density at 72 h relative to untreated cells in response to
GH-G120K concentrations shown as Log [μM].

impact the time to tumour establishment (not shown),
it significantly reduced mouse survival (Figure 5F).
Histopathological analysis of tumours revealed in both
conditions the presence of highly invasive GBM cells in
locations remote from the injection site, that is in the cor-
pus callosum of both hemispheres, albeit a greater number
of these invasive cells was observed in the GH condition
(Figure 5G,H). Quantification of hNuMA-positive cells
throughout entire brains from these mice confirmed an
increased invasion of N14-1525WT-GH cells from the injec-
tion site towards the anterior regions (corpus callosum and
striatum) of the brain (Figure 5I).

Taken together, these results strongly support that GHR
signalling promotes tumourigenicity, proliferation and
invasiveness of GBM cells.

3 DISCUSSION

We here identified GHR overexpression and active GHR
downstream signalling as a novel oncogenic pathway
in a subset of GBM (GBMGHR high) falling out of the
well-characterized subgroup of EGFR-overexpressing
GBMs. SOCS2, the major negative regulator of GHR
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F IGURE 5 Growth hormone receptor (GHR) overexpression or GHR signalling activation promotes tumourigenesis and tumour
growth. (A) Immunofluorescence micrographs of mouse brains 5 months after inoculation of 4339WT-GHR, 4339CA-GHR and 4339GFP showing
human-specific nuclear mitotic antigen (hNuMA) (red), DAPI (blue) and GHR (green). H&E-stained tissue sections are shown such as
normal brain tissue (N), tumour (T), necrosis (Ne) and mitotic events (arrows). (B) Tumour area quantified in pixels from hNuMA-stained
brain sections. (C) Percentage of mice showing established tumours over time following an inoculation of 4339CA-GHR and 4339GFP.
****p ≤ .001. (D) Survival of mice following an inoculation of 4339CA-GHR and 4339GFP. **p ≤ .01. (E) Survival of mice following inoculation of
N13-1520CA-GHR and N13-1520GFP. *p ≤ .05. (F) Survival of mice following inoculation of N14-1525WT-GH and N14-1525GFP. *p ≤ .05. (G)
H&E-stained tissue of mouse brains 3.5 months after the inoculation of N14-1525WT-GH and N14-1525GFP showing clusters of invasive
glioblastoma (GBM) cells in the corpus callosum (purple nuclei shown by the arrows). (H) Immunofluorescence micrographs of mouse brains
3.5 months after the inoculation of N14-1525WT-GH and N14-1525GFP showing human GBM cells (detected by human-specific nuclear mitotic
antigen – hNuMA – in red) and DAPI (blue). (I) Quantification of hNuMA-positive cells in coronal sections of entire brains harvested from
N14-1525WT-GH and N14-1525GFP grafted mice (3.5 months post cell inoculation) normalized to the number of hNuMA-positive cells at the
inoculation site (Bregma + 1000 μM). **p ≤ .01

pathway,25–27 is downregulated in GBMGHR high, pre-
sumably contributing to the maintenance of high-GHR
expression and signalling. The fact that two genes act-
ing in the same intracellular signalling pathway are
modulated in a consistent direction (Figure 1) strongly
supports the importance of the GHR pathway in this
GBM subgroup, representing up to 30% of cases. The
mutually exclusive GHRhigh/SOCS2low/EGFRlow and
GHRlow/SOCS2high/EGFRhigh expression patterns iden-

tified in the present series were also observed in five
additional independent datasets. As both EGFR and GHR
are able to activate common signalling pathways (JAK2,
STATs, Src, and MAPK),39,40 we here propose that, in
low EGFR-expressing GBMs, GHR overexpression can
take over and activate key signalling pathways driving
oncogenesis.
In GBM, enhanced cell invasion is a major obstacle for

efficient surgical resection, tumour cells dispersed in the
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parenchyma being a primary source of tumour relapse.41
Here, we suggest GHR signalling to be critical for cell
migration and invasion in GBM.We found that the propor-
tion of GBM from the mesenchymal transcriptional sub-
type, which is associated with more invasive features than
the other subtypes,41 was overrepresented in GBMGHR high.
Coherently, EMT is predicted to be modulated in our low-
EGFR-expressing GBM cohort (Figure 1A). Moreover, we
report that GHRmRNA expression is enriched in the infil-
trative tumour of patient GBM compared to the core of the
tumour (Figure 1F). In addition, we found that cell move-
ment appears to be one of the main biological functions
activated byGHR in our GBMmodels. Indeed, in our GBM
PDCLs, GHR signalling activates cell migration and inva-
sion in vitro (Figure 3). In vivo, we show that a continuous
activation GH/GHR signalling in GBM cells promotes
increased cell invasion throughout mice brains (Figure 5I).
Our study shows that GHR overexpression modulates the
expression ofmultiples genes and related proteins involved
in cellular movement, including members of the Integrin
family. In particular, integrins α6 and β4 form a com-
plex laminin receptor that was shown to be an important
regulator of tumour invasion.42,43 The reduction of GHR-
dependent GBM cell migration in the presence of RGD
peptide confirmed the relevance of integrin as contribu-
tors to this effect (Figure 3I). Metalloproteinase ADAM10
was also found to be upregulated in GHR-overexpressing
PDCLs, and, coordinately, the metalloproteinase inhibitor
TIMP1 was downregulated (Figure 3B). These observa-
tions are consistent with a previous report showing that,
in mammary carcinoma, GHR signalling promotes the
expression of fibronectin and matrix metalloproteinase
activity in association with epithelial-to-mesenchymal
transition (EMT).44 Overall, our data support a strong link
between GHR and the regulation of cell migration and
invasion in vitro, in vivo and in patient tumours.
Data from the literature converge towards the onco-

genic role of the GHR axis: GHR activates oncogenic
signalling pathways, including pathways promoting EMT,
cell survival, migration/invasion and resistance to therapy
(reviewed in Refs. [22, 45]). GHR signals mainly through
JAK2 and Src family kinases, leading to the activation of
STAT, MAPK and PI3K pathways,22 as well as the mod-
ulation of long non-coding RNAs, as reported recently.46
However, the consequences of GHR overexpression in
GBM have remained largely unstudied. Our study reports
the pro-tumoural consequences of GHR overexpression
and/or activation in GBM, including in vitro cell prolifer-
ation, in vivo tumour take rate, survival and invasiveness
in GBM-bearing animals, which suggests the involvement
of GHR in a large spectrum of biological functions asso-
ciated with GBM progression. Consistent with our data,
high levels of GH and GHR expression were also reported

by others in glioma cell lines compared to normal brain
tissue,47,48 further supporting the oncogenic role of GHR
signalling in GBM. In our PDCLGHR high, we showed that
GHR signalling activates the canonical STAT5 pathway.
Whether GHR signalling also acts through other pathways
in GHR-overexpressing GBM remains to be evaluated.
GHR overexpression is frequently observed in

tumours.22,49–53 In breast cancer, as in GBMs, GHR
expression is quite heterogeneous and 12% of cases over-
express GHR (239 out of 1980, mRNA z-score 1.354,55).
In rectal cancer, GHR overexpression was associated
with poor response to radiotherapy.56 The mechanisms
involved in GHR overexpression are at present unknown,
including in GBMs.57 In this respect, our observation that
SOCS2 is downregulated in GBMGHR high was particularly
interesting, as SOCS2, in addition to act as a negative
JAK/STAT signalling regulator, was also shown to reg-
ulate cellular GHR levels through direct ubiquitination
and proteasome-mediated degradation, and accordingly,
SOCS2 knockout resulted in increased GHR protein
expression.27 Our observation is intriguing, however,
because SOCS2 expression is normally activated by GHR
through STAT5 signalling as a negative feedback regula-
tion mechanism,23 and we showed that STAT5 signalling
is functional in PDCLsGHR high. Importantly, we found
that the methylation of SOCS2 promoter is increased in
both GHRhigh PDCLs and GBMs. Methylation of SOCS2
promoter was previously reported as a possible mecha-
nism of SOCS2 downregulation32 and described in GBM.58
Together, our data suggest that, in agreement with CA
STAT signalling identified using IPA, the GHR pathway
may be upregulated in GBMGHR high tumours at several
levels: GHR transcription (GHRhigh vs. GHRlow PDCL),
GHR protein stabilization and GHR signalling (SOCS2
downregulation).
Our in vitro data demonstrate that GHR overexpres-

sion increases GBM cell responsiveness to GH. In patients,
different sources of GH may contribute to trigger GHR
signalling in GHRhigh GBM cells: (1) GHRhigh GBM
cells themselves (autocrine GH), (2) neighbouring cells
(paracrine GH) and (3) circulating GH secreted by the
pituitary gland (endocrine GH). In our GBM cohort,
GHR expression levels in bulk tumours and GH plasma
levels were correlated, suggesting a possible contribu-
tion of circulating GH to tumour progression in these
patients. Indeed, GHR-overexpressing cells may be posi-
tively enriched in an environment where GH levels are
abundant. The capacity of circulating GH to reach the
brain and induce signalling in cells from the central ner-
vous system is well described.59 In mice, the injection of
exogenous GH leads to a rapid accumulation of the hor-
mone in the parenchyma of the brain.60 The contribution
of locally produced GH is also possible. Indeed, we showed
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that a proportion of GBM PDCLs secrete GH (Figure 2D),
as frequently observed in cancer.48,61 The steady-state
level of constitutive signalling induced by locally pro-
duced hormones is usually much lower, hence more
difficult to detect, than signalling induced by acute hor-
monal stimulation. This presumably reflects that sustained
GHR signalling has integrated negative regulatory mech-
anisms intrinsically maintained by signalling per se (e.g.
phosphatases, receptor internalization/degradation). Still,
this moderate cell-autonomous GHR signalling induced a
series of biological responses of GHRhigh GBM cells that
could be downregulated by pharmacological GHR inhi-
bition (Figure 4E). This is reminiscent of other reports
showing that tumour-secreted GH promotes the inva-
sive phenotype in mammary carcinoma.44 Interestingly,
GBMGHR high cells expressing autocrine GH (or CA-GHR)
were insensitive to the addition of exogenous GH as
reflected by unaltered levels of STAT5 phosphorylation
(Figure S4). This suggests that the effects of circulating ver-
sus locally produced GH might be mutually exclusive, as
supported by a model described by Van den Eijnden et al.
in 2007 where GHR bound to autocrine GH is not avail-
able to bind endocrine GH at the cell surface.61 Overall,
it is likely that GHR overexpression sensitizes cells to GH
stimulation, originating either from the tumour itself or
from the circulation, potentially creating a vicious circle in
which survival and expansion ofGHR-overexpressing cells
are promoted.
In-line with the tumour-promoting role of GHR demon-

strated in this study using several GBM models, targeted
inhibition of GHR signalling using the prototypic GH
antagonist GH-G120K impaired GBM cell migration in
vitro and decreased cell viability in PDCLsGHR high only.
These data are a first step showing the therapeutic poten-
tial of pharmacological GHR inhibition in GBM and
warrant further experimental investigations assessing the
impact of GHR inhibition in in vivo preclinical mod-
els of GHR-overexpressing GBM. Commercially available
GHR small molecule inhibitors do not currently exist.
Pegvisomant is an efficient PEGylated GH core-based pep-
tide antagonist currently used in the clinics to counteract
excess of GHR signalling in acromegalic patients. This
compound was shown to be efficient in various tumour
types62–66 and to potentiate chemotherapy efficacy.67 How-
ever, its poor passage across the blood–brain barrier68 pre-
dicts low efficacy for GBM treatment. Other GHR-targeted
compounds currently in clinical development such as
antisense oligonucleotides69 could constitute a promising
approach, although the capacity of suchmolecules to reach
the brain remains to be assessed. According to the potential
role of high-GH circulating levels in GHRhigh GBMs (see
earlier), strategies reducing GH circulating levels could
also provide a therapeutic benefit. In-line with this, GH

releasing hormone inhibitors, which decrease pituitary
GH secretion, reduced tumour progression of subcuta-
neous GBM cell line U87 tumours.70 Ultimately, efforts to
develop new GHR inhibitors specifically adapted to brain
tumour treatment will be necessary.
In conclusion, our study identifies a new subset ofGHR-

overexpressing GBMs and demonstrates a role for GHR
signalling in GBM oncogenesis. GHR signalling pathway
therefore emerges as oncogenic signalling pathway in low-
EGFR-expressing GBMs and as a promising therapeutic
target.

4 MATERIALS ANDMETHODS

4.1 Selection of patients

HumanGBM tissue samples were selected fromOncoNeu-
roTek (ONT; Paris Brain Institute) tumour tissue bank.
Brain tumours fulfilling the following inclusion criteria
were selected fromour brain tumour database: (1) histolog-
ically proven newly diagnosed supratentorial GBMaccord-
ing to theWorld Health Organization classification system
2016, concordantly reviewed by two neuropathologists,2
(2) a clinical history compatible with a newly diag-
nosed de novo GBM (no prior history of lower grade
tumour), (3) available high-quality tumour RNA and/or
frozen tissue allowing further molecular analysis and (4)
written consent obtained from the patient for molecular
analysis.

4.2 RNA extraction and processing of
expression array data

Approximately 50 mg of tissues from the initial 54 GBM
samples were used to extract total RNA using the RNeasy
Lipid Tissuemini kit (Quiagen, CA), following the instruc-
tions of the manufacturer. The quality of RNA obtained
was checked using a Bioanalyser System (Agilent Tech-
nologies, Paolo Alto, CA) using the RNA Nano Chips.
Genome U133 Plus 2.0 Expression arrays data process-
ing was done according to the manufacturer recommen-
dations. Normalization was performed using the RMA
method.71 Clustering analysis and class comparison using
a univariate t-test were performed using dChip software
(http://biosun1.harvard.edu/complab/dchip/).72 A p-value
<.005 was used to define differentially expressed genes. In
order to compare the gene expression profile of the gliomas
with normal brain, we used the gene expression data of
five samples of corpus callosum (GSM175855, GSM175856,
GSM175857, GSM175858, GSM176050) and five samples of
cortex (GSM176049, GSM176344, GSM176345, GSM176346,

http://biosun1.harvard.edu/complab/dchip/
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GSM176347), available in the Gene Expression Omnibus
repository (GSE7307).

4.3 Expression array experiment

GBM tumour RNA was processed for hybridization on
the GeneChip Human Genome U133 Plus 2.0 Expres-
sion arrays (Affymetrix, CA) which contains over 54 000
probe sets analysing the expression level of more than
47 000 transcripts and variants, including 38 500 well-
characterized human genes.

4.4 Molecular subtypes and genomic
alterations from additional series

Expression data were extracted from ONT dataset, as well
as five additional publicly available datasets,9,13,18–20 and
plotted using pheatmap R function. For the analysis of
molecular subtypes and genomic alterations in relation
with GHR expression, a series of 273 patients was selected
from the TCGA dataset13 and accessed at www.cbioportal.
org.29 GHR expression data (available for 160 out of 273
patients only), molecular subtype and gene mutational
and copy number status for each sample were obtained
fromRef. [13].High-GHR expression statuswas determined
using an mRNA threshold of z-score 1.3.

4.5 GHRmRNA expression analysis in
tumour anatomical structures

GHR RNA sequencing data were extracted from the Ivy
Glioblastoma Atlas project dataset,73 which comprises a
total of 122 RNA samples generated from 10 tumours and
sorted in 5 structures (Leading Edge, Infiltrating Tumour,
Cellular Tumour, Microvascular Proliferation, and Pseu-
dopalisading Cells Around Necrosis) identified by H&E
staining. The Microvascular Proliferation structure was
removed from our analysis to focus on the expression of
GHR in tumour cells only.

4.6 Cell lines

All GBM PDCLs were established by the GlioTex team
(Glioblastoma and Experimental Therapeutics) in the
Brain and Spine Institute (ICM) laboratory and main-
tained at 37◦C, 5% CO2 in neurosphere growth condi-
tions using DMEM/F12 (Gibco, Life Technologies, Saint-
Aubin, France) culture medium supplemented with 1%
penicillin/streptomycin, B27 diluted 1:50 (Gibco), EGF

(20 ng/ml) and FGF (20 ng/ml) (Preprotech, Neuilly-
sur-Seine, France). GBM1 cell line is derived from U87
cell line (purchased from ATCC) in our laboratory
and is maintained in neurosphere growth conditions to
allow comparisons with the other neurosphere-cultured
PDCLs. HEK293 WT-GHR were generated as previously
described74 and cultured in DMEM 10% foetal bovine
serum (Gibco, Life Technologies, Saint-Aubin, France).
The identity of all cell lines established at the ICM
was confirmed by short tandem repeat assay according
to manufacturer’s instructions (PowerPlex 16, Promega,
Charbonnières-les-Bains, France and sequencing per-
formed by Genoscreen, Lille, France) and validated within
3 months of their use for the studies presented here. Of
note, all PDCLs used in this study are IDH1WT. Immortal-
ized human astrocytes (transducedwith hTERT expression
vector) were purchased from ABM (Richmond, Canada)
and maintained on collagen-coated flasks (G422, ABM) in
Prigrow IV medium (TM004, ABM) supplemented with
1% penicillin/streptomycin and 10% foetal bovine serum
(Gibco, Life Technologies, Saint-Aubin, France).

4.7 RT-qPCR

First Strand cDNASynthesisKit (Fisher Scientific, Illkirch,
France) from tumours, non-tumour controls or cell lines
was used to generate cDNA. GHR, EGFR and SOCS2 gene
expression were confirmed using SYBR Green real-time
quantitative polymerase chain reaction (qPCR) analysis
(Absolute SYBR Green Rox Mix, Abgene, Paris, France) or
LightCycler 480 Probes Master mix and Universal Probe
Library probes specific to each genes. The genes and
primers are listed in Table 1. House-keeping genes used
were ALAS1 or PPIA. Real-time qPCR reactions were
performed according to the manufacturer’s instructions
for each system. The 2−ΔCT method was used to deter-
mine the relative expression, where ΔCT = CTtarget gene
– CTPPIA or ALAS1. Final results were expressed as a ratio
of the 2−ΔCT value for the studied gene for each sample
normalized to that of the reference sample.

4.8 Western blot

Cells were harvested and total protein extraction was
done using RIPA buffer (Pierce, Brebieres, France) sup-
plemented with EDTA and phosphatase and protease
inhibitor cocktail (Pierce). Equal amounts of protein (30–
60 μg) were run on 4%–12% Bis-Tris gels (Life Technolo-
gies) at 150 V. Proteins were transferred on nitrocellulose
membranes (Sigma) by liquid transfer at 300 mA or using
a BioRad semi dry transferring device at 110 V for 1 h. Fix-

http://www.cbioportal.org
http://www.cbioportal.org
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TABLE 1 Expression real-time quantitative PCR primers (unless stated, all genes are human genes)

Gene Primer forward Primer reverse
No. of UPL
probe (if any)

GHRa Qiagen QuantiTect #QT00021147
GHR (UPL) TGCTTTTTCTGGAAGTGAGGA GGTTCTTTGTACCATGATGAACCT 59
EGFRb ACCTGTGCCATCCAAACTG ACCACCAGCAGCAAGAG
EGFR (UPL) CATGTCGATGGACTTCCAGA GGGACAGCTTGGATCACACT 44
SOCS2c Qiagen QuantiTect #QT00079352
SOCS2 (UPL) GGAGCTCGGTCAGACAGG GTTCCTTCTGGTGCCTCTTTT 60
ALAS1 TGCAGTCCTCAGCGCAGT TGGCCCCAACTTCCATCAT
PPIA (UPL) ATGCTGGACCCAACACAAAT TCTTTCACTTTGCCAAACACC 48
WT-GHR expr. vector GATCCACCCATTGCCCTCAA CACCTCACTGAACTCGCCAT
CA-GHR (rabbit) expr. vector AGGATGACGACTCTGGACGA GTGCAGCCTGAAGAGTGGAT
GH1 (UPL) CCAACAGGGAGGAAACACAA GACACTCCTGAGGAACTGCAC 19

aGrowth hormone receptor.
bEpidermal growth factor receptor.
cSuppressor of cytokine signalling 2.

ation sites were blocked overnight with SuperBlock Block-
ing Buffer in tris-buffered saline (TBS) (Pierce), and the
blots were incubated with primary antibodies overnight,
and secondary antibodies for 2 h. Blots were scanned and
quantified on the Odyssey CLx (Science-Tec). Quantifica-
tion values were normalized to the corresponding β-actin
band. Each western blot figure is a representative of three
independent experiments, and the numbers below each
band represent the quantification value of a representative
experiment.

4.9 Antibodies used for western blots
and immunostaining

For western blotting, the following primary antibod-
ies were used: phosphorylated-STAT5 (Cell Signaling
Technology Cat# 4322S, RRID:AB_10544692), STAT5
(Cell Signaling Technology Cat# 9358, RRID:AB_659905)
and β-actin (Cell Signaling Technology Cat# 3700,
RRID:AB_2242334). The secondary antibodies used were
Odyssey IRDye goat anti-rabbit (LI-COR Biosciences
Cat# 926–68071, RRID: AB_10956166) or mouse (LI-COR
Biosciences Cat# 926-32210, RRID:AB_621842) secondary
antibodies (Eurobio, Courtaboeuf, France) diluted 1:5000
in SuperBlock Blocking Buffer in TBS (Pierce).
For mice brain sections, sections were fixed by ace-

tone/methanol 1:1 prior to incubation with primary
and secondary antibodies and counterstained with
4′,6-diamidino-2-phenylindole (DAPI) (Thermo Scien-
tific). Sections were stained with Mayers’s hematoxylin
(#MHS32, Sigma) and eosin (mix of eosin Y #341972Q
and Orange G #1.15925.0025, VWR, Fontenay-sous-
Bois, France). Sections were stained with anti-NuMA

primary antibody (Thermo Fisher Scientific Cat# PA5-
22285, RRID:AB_11157241) with secondary antibody goat
anti-rabbit (Thermo Fisher Scientific Cat# A-11034,
RRID:AB_2576217). For the cell invasion analysis in mice
brains, NuMA-positive cells were quantified on coronal
sections throughout entire brains using the QuPath cell
detection software.
For human FFPE sections, slides were deparaffinized

with xylene, ethanol 100%, ethanol 90%, ethanol 70%,
ethanol 50% and water baths. Antigens were retrieved
by microwave heating (power 400 W) and blocked with
5% BSA, 5% goat serum in phosphate saline buffer (PBS)
in .2-M triton. Sections were stained with anti-pSTAT5
primary antibody (Cell Signaling Technologies #C11C5,
RRID: AB_823649) and the anti-GHRcyt-mAb monoclonal
antibody directed against the intracellular domain of
GHR.28 Vector Elite ABC HRP kit with DAB substrate
(Vector Laboratories, Burlingame, CA, USA) was used for
detection of IHC slides, with hematoxylin as counterstain.

4.10 ELISA for GH in plasma and cell
supernatant

Plasma GH levels of patients from ONT tissue bank for
whom tumour levels of GHR mRNA had been deter-
mined were measured using ELISA (DGH00, R&D Sys-
tems, Abingdon, UK). The same assay was used to
measure GH secreted by GBM cell cultures. Briefly,
500 000 cells were plated in 6-well plates in serum-free
B27/GF/FGF-containing DMEM/F12 medium. Forty-five
hours later, cell suspension (neurospheres) was harvested,
centrifuged, and supernatant was isolated and frozen until
use.
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4.11 GHR, GH, luciferase and
CRISPR/Cas9 expression vectors

Expression vectors for human WT and rabbit CA-GHR
were generous gifts from Mike Waters and Andrew J.
Brooks (University of Queensland, Australia).33,34 The
CA-GHR vector was generated by removing the extra-
cellular domain of rabbit GHR (to ensure the absence
of human GH stimulation) and fusing the transmem-
brane and cytoplasmic domains to Jun zippers to achieve
GH-independent forced functional dimerization. WT-GH
vector was built using GH1 variant 1 sequence acces-
sion number NM_000515.5. The control GFP vector was
obtained from Addgene.75 Luciferase/mKate2 vector was
previously described.76 These vectors were then inserted
into lentiviral vectors (see Lentiviral production). Sta-
ble transduced PDCLs were generated by transduction
using a multiplicity of infection of 10 and selection with
puromycin for 5 days for GHR and GH vectors, or by
FACS sorting for luciferase/mKate2 vectors (BioRad S3e
Cell Sorter).
For CRISPR/Cas9-mediated GHR knockdown, cells

were transfected with .6-μg/ml DharmaFECT, .025-μM
TracrRNA, 2-μg/ml mKate-Cas9 expression vector (#T-
2010-01, U-002000-120, U-004100-120, respectively, from
GE Dharmacon, CO, USA) together with .025-μM GHR
exon 3-targeting crRNA (TGCCAGAGATCCATACCTGT
AGG, GE Dharmacon) or non-targeting crRNA (#U-
007501-01-05 from GE Dharmacon) according to manufac-
turer’s instructions. Seventy-two hours later, mKate-Cas9-
positive single cells were isolated by FACS (BD FACSAria
II, BD Biosciences, San Jose, USA) and amplified to gen-
erate a monoclonal cell population. Sequencing of exon 3
of GHR (forward primer: TACTGAAGCTGTGCATGGGG,
reverse primer: CCTGAGAACAAGAGACCTGGC) was
outsourced to GATC (Constance, Germany).

4.12 Lentiviral production

For all vectors, lentiviral particles were produced by tran-
sient co-transfection of HEK 293T/17 cells (ATCC No.
CRL-11268, constitutively express the simian virus 40 large
T antigen andderived fromclone 17 selected specifically for
its high transfectability) with the lentiviral recombinant
vector carrying the transgene of interest, an encapsi-
dation plasmid (p8.9) and a VSV envelope expressing
plasmid (pVSV-G), as previously described.77 Briefly, cal-
cium phosphate co-precipitation of plasmids was used
during transfection, 48-h post-transfection supernatants
were harvested, clarified and treatedwithDNAse I (Sigma-
Aldrich) prior to ultracentrifugation (60 000 g, +4◦C),
and the resulting pellet was resuspended in PBS, sepa-

rated into small aliquots and frozen at −80◦C until use.
For GHR expression vectors, titration was performed by
monitoring the amount of p24 capsid protein with the
HIV-1 p24 antigen ELISA (Helvetica Health Care). For
luciferase/mKate2 and GH expression vector, titration was
performed following proviral DNA genomesmeasurement
protocol described before.78

4.13 Recombinant GH and GH-G120K

Recombinant GH-G120K (a competitive GHR
antagonist79,80) was produced in Escherichia coli and
purified by ion exchange chromatography as earlier
described.81 Its antagonistic properties were assessed
using routine GHR-dependent in vitro cell bioassays74
before their use in GBM PDCL models. GH (H5916,
Sigma) or GH-G120K were added directly to the full
culture medium.

4.14 SOCS2 promoter methylation

SOCS2 promoter methylation was assessed in the panel
of PDCLs following a previously described method
(Base-specific cleavage and Matrix-Assisted Laser Des-
orption/Ionization Time-of-Flight Mass Spectrometry –
MALDI-TOF MS – assay32) and outsourced to Varionos-
tic (Ulm Germany). In the GBM sample panel, promoter
methylation was measured by pyrosequencing by the
Epigénomique Fonctionnelle team from Université de
Paris. Pyrosequencing primers were designed using the
PyroMarkAssayDesign Software 2.0 (Qiagen). An amount
of 500-ng genomic DNA was subjected to bisulfite conver-
sion using an EpiTect Bisulfite Kit (Qiagen, Cat# 59124).
PCR reactions (list of primers in Table 2) were performed
in a final volume of 25 μl, using a PyroMark PCR kit (Qia-
gen, Cat# 978703), with one of the primers biotinylated
and containing 12.5 ng of bisulfite-treated DNA. The ini-
tial denaturation/activation step was performed at 95◦C,
15 min, followed by 50 cycles of 30 s at 94◦C, 30 s at
54◦C, 45 s at 72◦C and a final extension step at 72◦C for
10 min. The quality and the size of the PCR products
were evaluated by running 5 μl of each PCR product on
1.5% (w/v) agarose gel in a .5× TBE buffer. Biotinylated
PCR products (20 μl) were immobilized on Streptavidin-
coated Sepharose beads (GE Healthcare, 17-5113-01). DNA
strands were separated using the PyroMark Q24 Vac-
uumWorkstation, and the biotinylated single strands were
annealed with .375-μM sequencing primer and used as
a template for pyrosequencing. Pyrosequencing was per-
formed using PyroMark Q24 Advanced (Qiagen, Cat#
9002270) according to themanufacturer’s instructions, and
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TABLE 2 Primers for suppressor of cytokine signalling 2 (SOCS2) promoter methylation pyrosequencing

Sequence
Size
(bp)

Annealing
Temp

Forward Region 1 TTTAGGATTTGGGGAGAAAGAGTT 315 57◦C
Biotinylated-Reverse 1 Biotin-ACTCCCTACCTATCTAACC
SOCS2 SEQ 1-1 ATTTTTTTTTTTTTTGTTATTATTT 6 CGs (CG1-6)
Sequence to analyse CGGACACCCCGCAGGGACTCGTTTTGGGATTCGCACTGACTTCAAGGA

AGGACGCG
SOCS2 SEQ 1–2 GAATTTTTTTTTGATTTTAG 9 CGs (CG7-15)
Sequence to analyse CTCGGGCGGCCACCTGTCTTTGCCGCGGTGACCCTTCTCTCATG

ACCCTGCGGTGCCTTGAGCCCTCCGGGAATGGCGGGGAAGGGACGCGGA
SOCS2 SEQ 1–3 GGGAAGAGGAGTTAGTGGG 11 CGs (CG16-26)
Sequence to analyse GGACCGCGGGGTCGGCGGAGGAGCCATCCCCGCAGGCGGCGCGTCTGGCGA

AGGCCCTGCGGGAGCTCG
Forward Region 2 GGGAGTTAGGTTAGATAGGTAGGG 214 57◦C
Biotinylated-Reverse 2 Biotin-CCTAAATCCCTAAAAAACCACTTT
SOCS2 SEQ 2-1 GTTAGATAGGTAGGGAG 11 CGs (CG27-36)
Sequence to analyse CCGATCGGCCGCGACGCGTGCGGGAGGGAGCGCCTCCCCAAGGAAGCAG

CTAGGAAGCGGGGTCGAG
SOCS2 SEQ 2-2 GTGGGAAGTAAAGAATAAG 6 CGs (CG37-42)
Sequence to analyse ATGGAAATACGTCCCTTGCTTCCAAGGGACCGCGGAGAGCACGCT

CGCAGGGTCCTGGGTCCTTGGGAATGCGTAA

data about methylation at each CpG were extracted and
analysed using the PyroMarkQ24Advanced 3.0.0 software
(Qiagen).

4.15 Cell viability, migration and
invasion

All in vitro tests were performed in at least three inde-
pendent experiments. For the proliferation assay, 96-
well plates were coated with 10-μg/ml laminin (#L2020,
Sigma-Aldrich, Saint-Quentin-Fallavier) at 37◦C for 1 h.
Three thousand cells/well were then plated in full cul-
ture medium. Twenty-four and ninety-six hours after cell
plating, cell viability was assessed using WST-1 reagent
(Roche) or CyQUANT (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. For the migration
assay, spheres were plated in laminin coated 96-well plates,
in the absence or in the presence of 20-μg/ml GH-G120K
or 1-μg/ml RGD peptide (SelleckChem), doses that were
confirmed to have no impact on cell proliferation, and
individual spheres were photographed 24 h after plat-
ing. For the invasion assay, spheres were included in
the extra-cellular matrix provided in Cultrex 3-D Base-
ment Membrane Extract Spheroid Cell Invasion Assay
(Trevigen) according to manufacturer’s instructions and
photographed 24 h after plating. Sphere area or spreading
was quantified by ImageJ software.

4.16 SILAC labelling and proteomic
analysis

A SILAC-based proteomic analysis was carried out to
accurately quantify the proteomes of three constructs-
transduced PDCLs (4339 GFP, 4339 WT-GHR, 4339 CA-
GHR) derived from 4339 PDCL. All cell populations were
metabolically encoded by a 3-week exposure to one of
the following SILAC labelling included in the culture
medium: (1) light labelling: light l-arginine and l-lysine;
(2) medium labelling: l-arginine–HCl, 13C6 + l-lysine–
2HCl, 4,4,5,5-d4; (3) heavy labelling: l-Arginine–HCl, 13C6,
15N4 + l-lysine–2HCl, 13C6, 15N2 (Thermo Fisher Sci-
entific). For each of the three replicates, labelling was
inverted for each cell line variant. All three cell pop-
ulations (heavy, medium and light) were mixed before
proteomic analysis, lysed with RIPA buffer supplemented
with phosphatase and protease inhibitor cocktail (Pierce,
Brebieres, France), separated on SDS-PAGE gels and anal-
ysed by nano-LC-MS/MS (see Proteomic data acquisition
[Institut Curie Series]). The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE35 partner repository with the
dataset identifier PXD004969. Main findings from this
series (Institut Curie, Paris, France) were also observed
and verified in an independent mass spectrometry acqui-
sition (see Proteomic data acquisition [Yale University
Serie]).
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4.17 Proteomic data acquisition
(Institut Curie Series)

Protein extracts separated on SDS–PAGEgels (10%, Invitro-
gen at 30mAduring 1 h 30min)were stainedwith colloidal
blue staining (LabSafe GEL Blue G Biosciences). Gel slices
were then excised (12 bands), and proteins were reduced
with 10-mM DTT prior to alkylation with 55-mM iodoac-
etamide. After washing and shrinking the gel pieces with
100% MeCN, in-gel digestion was performed using trypsin
(Promega) overnight in 25-mM NH4HCO3 at 30◦C.
Peptides were extracted from gel slices and analysed by

nano-LC–MS/MS using an RSLCnano system (Ultimate
3000, Thermo Scientific) coupled to an Orbitrap Fusion
mass spectrometer (Q-OT-qIT, Thermo Fisher Scientific).
Samples were loaded on a C18 precolumn (300-μm inner
diameter × 5 mm; Thermo Scientific) at 20 μl/min in 2%
MeCN, .1% CH2O2. After a desalting for 3 min, the pre-
column was switched on the C18 column (75 μm i.d. ×
50 cm, packed with C18 PepMap, 3 μm, 100 Å; Thermo Sci-
entific) equilibrated in solvent A (2% MeCN, .1% CH2O2).
Bound peptides were eluted using a 163-min multistep lin-
ear gradient (from 1% to 6% [v/v] in 1 min, from 6% to 9%
in 18 min, from 9% to 32% in 132 min and from 32% to
40% in 9 min) of solvent B (80% MeCN, .085% CH2O2) at
a 400-nl/min flow rate and an oven temperature of 40◦C
SurveyMS scanswere acquired in theOrbitrap on the 400–
1500m/z range with the resolution set to a value of 120 000
and a 4 × 105 ion count target. Each scan was recalibrated
in real time by co-injecting an internal standard fromambi-
ent air (445.12003 m/z) into the C-trap. Tandem MS was
performed by isolation at 1.6 Thwith the quadrupole, HCD
fragmentation with normalized collision energy of 35 and
rapid scan MS analysis in the ion trap. The MS2 ion count
target was set to 104 and themax injection timewas 100ms
and only those precursors with charge state 2–7 were sam-
pled for MS2. The dynamic exclusion duration was set to
60 s with a 10-ppm tolerance around the selected precur-
sor and its isotopes. The instrument was run in top speed
mode with 3-s cycles.
Data were acquired using the Xcalibur software (v 3.0)

and the resulting spectra were interrogated by Sequest
HT through Proteome Discoverer (v 1.4, Thermo Scien-
tific) with the SwissProt Homo Sapiens database (032015).
Carbamidomethyl cysteine, oxidation of methionine, N-
terminal acetylation, heavy 13C615N2-lysine (Lys8) and
13C615N4-arginine (Arg10) and medium 2H4-lysine (Lys4)
and 13C6-arginine (Arg6) were set as variable modifi-
cations. Specificity of digestion was set for trypsin and
allowed two missed cleavage sites. Mass tolerances in MS
andMS/MSwere set to 10 ppm and .5 Da, respectively. The
resulting files were further processed using myProMS.82
The Sequest HT target and decoy search result were val-

idated at 1% false discovery rate (FDR) with Percolator.
For SILAC-based protein quantification, peptides XICs
(Extracted Ion Chromatograms) were retrieved from Pro-
teomeDiscoverer. Scale normalizationwas applied to com-
pensate for mixing errors of the different SILAC cultures.
Protein ratios were computed as the geometrical mean of
related peptides ions ratios using the R package limma83
and p-values were adjusted using Benjamini–Hochberg
FDR control threshold set to .05. Analysis of biological
replicates of all the samples identified a total of 9535 pro-
teins at an FDR of 1% (5639 common proteins). Of the 8305
quantified proteins (WT/GFP and CA/GFP), 3188 of them
were quantified with at least three peptides, the latter of
which were used for all subsequent analysis in this study.

4.18 Proteomic data acquisition (Yale
University Serie)

Proteins were precipitated by Chloroform:MeOH:water
(1:4:4) for shipping. Protein pellet was washed twice with
methanol then vacuum dried briefly and reconstituted in
a urea:ammonium buffer (8 M:.4 M), digested with Lys-
C (overnight) followed by trypsin (Promega, Inc.; for 5 h)
and desalted using an RP macro-spin (The Nest Group)
desalting cartridge. The eluted peptides were reconstituted
in .1% formic acid prior to injection onto an LC–MS/MS
mass spectrometer. LC–MS/MS was performed on an LTQ
Orbitrap Elite (Thermo Fisher Scientific) equipped with
a Waters Symmetry C18 (180 μm × 20 mm) trap column
and a 1.7 μm, 75 μm × 250 mm nanoAcquity UPLC col-
umn (35◦C). Trapping was done using 99% Buffer A (100%
water, .1% formic acid) and peptide separation was accom-
plished using a linear gradient of solvents A (.1% Formic
Acid in Water) and B (.075% formic acid in acetonitrile)
over 210 min, at a flow rate of 300 nl/min. MS spectra
were acquired in the Orbitrap using 1 microscan and a
maximum injection time of 900 ms followed by three data
dependent MS/MS acquisitions in the ion trap (with pre-
cursor ions threshold of >3000). The total cycle time for
bothMS andMS/MS acquisitions was 2.4 s. Peaks targeted
for MS/MS fragmentation by collision induced dissocia-
tion were first isolated with a 2-Da window followed by
normalized collision energy of 35%. Dynamic exclusion
was activated where former target ions were excluded
for 30 s. Data were processed and analysed as previously
described in myProMS.82

4.19 Orthotopic GBM in vivo model

Transduced GBM cells (4339GFP, 4339WT-GHR,
4339CA (constitutively activated)-GHR, N14-1525GFP, N14-
1525WT-GH, N13-1520GFP and N13-1520CA-GHR) were
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implanted (1.4 × 105 cells/2 μl) into the brain of Nude
Hsd:Athymic Nude-Foxn1nu mice (Envigo, 8-week old
females, 3 or 12 animals/group) by stereotaxic injection
at Bregma AP: +.1; ML: −.15; DV: −.25 under isoflurane
anaesthesia and following ethically approved protocol
#17503 2018111214011311 v5. Tumour growthwasmonitored
by bioluminescence imaging following 100-μl luciferin
(Perkin Elmer) subcutaneous injection at 30 mg/ml, and
image acquisition with an IVIS Spectrum imager (Perkin
Elmer). Tumour take was evaluated by determining the
day when bioluminescence signal was multiplied 10-fold
compared to the first bioluminescence measured 8-day
post-graft. When animals reached ethical endpoints, they
were sacrificed and the date was recorded. Mice were
sacrificed by anaesthesia followed by dislocation 4months
after inoculation, and their brain was harvested, frozen
and sectioned using a cryostat.

4.20 Study approval

All protocols involving work with live animals were
reviewed and approved by the local ethical committee
and the Ministère de l’Enseignement Supérieur et de
la Recherche de France (project 17503 2018111214011311).
GBM tissue samples and clinical annotations were pro-
vided by the neuropathology laboratory of Pitié-Salpêtrière
University Hospital and obtained as part of routine resec-
tions from patients under their informed consent (ethical
approval number AC-2013-1962).

4.21 Statistics

A paired-sample Wilcoxon test was computed between
GHR expression versus EGFR or SOCS2 expression data
extracted from publicly available datasets.9,13,18–20 Pear-
son’s chi-square tests were performed to compare molec-
ular subgroups and gene alterations distribution between
GHRhigh and GHRlow GBMs in the TCGA dataset. Both
analyses were performed on R. All other statistical tests
were performed using GraphPad Prism 6. Fisher’s exact
test was performed to compare age at diagnostic and sex
ratio in the ONT series. OS curves were generated using
the Kaplan–Meier method and compared with a log-rank
or Gehan–Breslow–Wilcoxon tests. Analysis for identi-
fication of signalling pathways and biological modules
(p-values and activation z-score) from expression arrays
and proteome data was performed using Ingenuity Path-
way Analysis software (Qiagen).84 For all other analysis,
one-way ANOVAwith Tukey’s test for one parameter mul-
tiple comparisons, two-way ANOVA with Sidak’s test for
two parameters multiple comparisons, or two-tailed t-test

for single comparisons were performed on the mean ±

s.e.m.
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