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Abstract

Background
Diffuse in�ltration is a life-threatening growth pattern in malignant astrocytomas and a signi�cant cause
of therapy resistance. This pattern is determined by the balance between proliferative and invasive
genetic programs and is mainly recapitulated by glioma stem cells (GSCs) during astrocytoma
progression. In�ltration results in the GSCs spreading deeply into the surrounding brain tissue, fostering
tumor recurrence and making complete surgical resection impossible. We need to thoroughly understand
the mechanisms underlying diffuse in�ltration to develop effective therapies.

Results
We found that ADAM23 is downregulated in astrocytoma compared with the normal brain. Based on the
clinical data and preclinical models, ADAM23 downregulation is associated with a favorable prognosis in
lower-grade astrocytoma patients and correlated with the emergence of a pro-invasive tumor phenotype.
The expression of ADAM23 in astrocytoma cells is inversely correlated with increased γ-secretase
complex activity, consequently contributing to NOTCH1 pathway activation in GSCs and amyloid-β (Aβ)
deposition in the mouse brain. Finally, epigenetic inhibition or administration of γ-secretase inhibitors
(GSIs) induced a signi�cant inhibitory effect on the invasive programs, speci�cally in ADAM23low
astrocytoma cells.

Conclusions
Overall, our �ndings reveal ADAM23 expression levels as a new prognostic biomarker and a predictive
factor of GSI e�cacy for diffuse in�ltration in ADAM23 low-expressing astrocytomas.

Background
Astrocytomas are the most common and deadly tumors of the central nervous system (CNS) (Ostrom et
al., 2019). The World Health Organization (WHO) segregates astrocytomas into “circumscribed” (WHO
grade 1), often exhibiting a solid morphology, as opposed to the inherently “diffuse” astrocytomas (WHO
grades 2–4) (Louis et al., 2021). The gold-standard treatments — including, radical surgery,
temozolomide, and radiotherapy — for diffuse astrocytomas do not guarantee tumor eradication and
results in short survival gains (Oberheim Bush, Hervey-Jumper, and Berger, 2019; Furnari et al., 2007). One
of the major causes of treatment failure is the in�ltrative growth pattern of the glioma stem cells (GSCs)
in the brain parenchyma. GSCs spread from the tumor core, hindering total tumor resection and fostering
tumor recurrence (Vollmann-Zwerenz et al., 2020). Astrocytoma cells from the invasive front among
distinct patients share conserved in�ltrative molecular programs. These include mechanisms necessary
for invasion and migration of the interstitial matrix that are associated with nervous system development
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and cell-cell adhesion (Darmanis et al., 2017). We need a detailed understanding of the mechanisms
underlying the “diffuse invasion” of GSC in the brain parenchyma to develop effective therapies.

Genes identi�ed to be responsible for inducing in�ltrative growth in GSCs include NOTCH1, EGFR1, and
SOX2 (Wang J, et al., 2019; Yi et al., 2019; Sun Z, et al., 2020; Ye et al., 2012). The Notch signaling
pathway plays a fundamental role in CNS development and is highly active in GSCs (Bazzoni R et al.,
2019). It is activated upon ligand (delta or jagged) binding in trans, followed by at least two sequential
proteolytic cleavages. The �rst is mediated by members of the ADAM (A disintegrin and
metalloproteinases) family of proteases with α-secretase activity, and the second is mediated by the γ-
secretase complex, comprising presenilins 1 and 2 (PS1 and PS2), presenilin enhancer 2 (PEN-2),
nicastrin, and anterior pharynx-defective 1 (APH-1) (LaVoie et al., 2003; Groot AJ, et al., 2012; Wolfe MS.,
2019). The activity of α-secretase exerted by ADAM members, including ADAM 9, 10, 17, and 19, initiates
Notch activation at the cell surface and is a rate-limiting step in the γ-secretase complex activity that
releases the Notch intracellular domain (NICD) from the membrane, allowing nuclear translocation and
transcription regulation (Wang et al., 2019). NICD is upregulated in human grade 4 astrocytomas
compared with normal brain tissue (Wang et al., 2021). It functionally increases migration and invasion in
astrocytoma cells by mediating the overexpression of Snail, Zeb1, and vimentin, together with activating
AKT and the nuclear localization of β-catenin (Zhang, X., et al., 2011).

ADAM23 belongs to a subgroup of three catalytically inactive ADAM members (ADAM11, 22, and 23),
known as “cerebral ADAMs” (Hsia et al., 2019). It is predominantly expressed in proliferative niches of the
brain and plays a crucial role in neuronal development, myelination, and differentiation (Markus-Koch et
al., 2017; Y. Wang, Sun, and Qiao, 2012). Several studies have shown that ADAM23 is downregulated in
many types of human cancers, including breast (Costa et al., 2004; Verbisck et al., 2009; Fridrichova et al.,
2015), pancreatic (Hagihara et al., 2004), gastric (Takada et al., 2005; Watanabe et al., 2009), head and
neck (Calmon et al., 2007), colorectal (Choi et al., 2009), lung (Hu et al., 2011), bone (Conceição et al.,
2015), ovarian (Ma et al., 2018), and brain (Kwon et al., 2017) cancers. Considering the large spectrum of
human cancers associated with ADAM23 silencing and its major expression in the brain, it is likely that
ADAM23 downregulation is associated with the activation of malignant programs in astrocytoma cells.

Here, we showed that the migratory and invasive behavior of astrocytoma cells is inhibited by ADAM23.
The coding gene ADAM23 is downregulated in diffuse astrocytoma (grade 2–4) cells compared with the
normal brain tissues. Moreover, depletion of endogenous ADAM23 in GSCs results in increased brain
in�ltration and prolonged survival in patients with astrocytoma and murine models owing to reduced
intracranial pressure (cerebral herniation). We identi�ed gene expression signatures associated with
Alzheimer’s disease (AD) in ADAM23-depleted cells and investigated the molecular mechanisms by which
ADAM23 regulates astrocytoma in�ltration. We found that ADAM23 depletion increases γ-secretase
complex activity, contributing to amyloid-β (Aβ) deposition in the mouse brain. Additionally, there was a
concomitant increase in NICD cleavage and Notch signaling pathway activation. Interestingly, treatment
with γ-secretase inhibitors (GSIs) or genetic knockdown of a catalytic member of the γ-secretase complex
(PS1) reverts the invasive gains associated with ADAM23 depletion. Our data support that ADAM23
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downregulation promotes diffuse astrocytoma invasiveness by increasing γ-secretase activity and
Notch1 signaling pathway activation. Our results also suggest the possibility of using γ-secretase
inhibitors as a new line of targeted therapeutic agents for diffuse astrocytomas.

Methods
Clinical data and gene expression in normal brain and astrocytoma samples. 22 non-neoplastic brain
(NNB) anonymized tissues from epilepsy patients and 143 WHO grades 2-4 astrocytomas were collected
from patients undergoing treatment at the Hospital das Clinicas (HC) at the Faculdade de Medicina of the
University of São Paulo (FM-USP, SP, Brasil). Specimens were obtained with appropriate consent from
institutional review boards. ADAM23 expression levels were analyzed by qRT-PCR and normalized with
several housekeeping genes (TBP, HPRT1, and GUSB). Details of patients, sample characteristics and
preparation are described previously in Marie et al. (2016). Validation of ADAM23 expression was
performed in a panel of 28 NNB, 147 astrocytoma grades 2-3, and 219 grade 4 diffuse astrocytoma
samples from Rembrandt dataset (Rembrandt 2005). Clinical data on overall survival and RNA
sequencing expression of 332 patients with grade II, III and IV astrocytomas were obtained from The
Cancer Genome Atlas (TCGA) and viewed by the Gliovis portal (Bowman et al., 2017). Clinical data on
overall survival and gene expression of ADAM23 by RNA sequencing of 215 patients with grades III and
IV astrocytomas  were obtained from the Chinese Glioma Glioma Atlas (CGGA) and viewed on the
website http: //www.cgga.org.cn/ 

Cells, plasmids and reagents. Parental GBM6 and GBM39, GSC23 and GSC11, and HK296 and HK301
cells were provided by Frank Furnari (University of California, San Diego) and were cultured in DMEM/F12
medium supplemented with 2% B27 (GIBCO/Life Technologies) and 20 ng/ mL human recombinant EGF,
20 ng/mL bFGF, and 2 mg/mL Heparin. U87MG, U178MG and U343MG cell lines were maintained in
complete medium (DMEM, 10% fetal bovine serum, FBS), and were obtained from ATCC. All cells were
incubated at 37°C with 5% CO2 in a humidi�ed incubator and were certi�ed to be Mycoplasma free on a
regular basis. The far-red �uorescent protein TurboFP635 (scienti�c name Katushka) was from Evrogen
(pTurbo-FP635-C). PLKO.1-based ADAM23 and PS1 shRNA constructs were purchased from Sigma
(Mission shRNA). U87 cells with the isopropyl-β-D-thiogalactoside (IPTG)-inducible ADAM23-shRNAs
(pLKO_IPTG_3xLacO, Sigma Aldrich) (iU87) were transduced with viral particles at multiplicity of infection
(MOI) of 2 and, after 24 h, they were selected with antibiotics. For inducible knockdown in vitro 1 mM
IPTG was administered to the iU87 cells 96h before experiments. For ADAM23 rescue assays, IPTG was
washed out with 1x PBS and iU87 cells were maintained for additional 10-20 days in complete medium.
Cell line authentication testing was performed using GenePrint System (Promega). For γ-secretase
pharmacological inhibition, cells were treated with 10 µM of GSI RO4929097 (Stem Cell Technologies) for
24h. Equivalent volume of diluent DMSO was added to control conditions. We inferred ADAM23
expression in normal tissues using data from GTEx portal (GTEx Consortium, 2013) (J. Lonsdale et al.,
2013). 



Page 6/29

qRT-PCR Total RNA was extracted using Trizol reagent (Invitrogen), and cDNA was synthesized using
using Superscript II reverse transcriptase (Invitrogen) as described. qPCR was performed using a 7300
Real-time PCR System and SYBR Green (Life Technologies). Gene expression levels were calculated as
described previously (Costa et al., 2015). 

Orthotopic transplantation and mass effect evaluation. Viable (100 – 10,000) GSC23 or U87MG cells or
their derivatives stably transfected with TurboFP635 cells in 3 μl of DMEM/F12 without growth factors
were stereotactically injected into the right striatum of 8-week-old female nude mice, as previously
described (Ozawa and James, 2010). Tumor growth was assessed every two weeks by iVIS200 (iVIS
Spectrum In Vivo Imaging System – PerkinElmer). Mice were sacri�ced at the time of development of
neurological symptoms or body weight loss > 20% by iso�urane inhalation (4-5 vol.%) followed by
inhalation of CO2. For mass effect analysis we evaluated the degree of deviation from the cerebral
midline of the animals with the aid of a protractor. The “zero” grade of the protractor was positioned at
the beginning of the midline. The deviation of the line average was determined by ascertaining the
number of degrees deviated from the midline of a normal murine brain. Brains were then harvested
followed by para�n embedding. 

Immunohistochemistry

Antigenic recovery of previously depara�nized sections was performed by incubation with 10 mM citrate
buffer (pH 6.0) at 95°C for 20 minutes. The detection of immunohistochemistry (IHC) human antigens
were performed using the EXPOSE kit following the manufacturer's instructions (Abcam, Ab80436) and
counterstaining with hematoxylin. Reactions were performed with the primary anti-Sox2 antibody (Cell
Signaling, clone D6D9, Cat # 3579), amyloid-β, and ADAM23 (Sigma-Aldrich Co., HPA012130). Images
were taken under a DS-Fi2 (Nikon) digital camera microscope coupled.

Quantitative analysis of in vivo cell invasion. To examine the invasion of GSC or U87MG cells into brain,
we incubated para�n-embedded sections with anti-human Sox2 antibodies (Dako, Carpinteria, CA, USA)
overnight at 4°C, and then with mouse secondary antibodies (Santa Cruz Biotechnology) for 1 h at room
temperature. For evaluating the ability of GSC to invade brain tissue we manually counted the number of
TurboFP/Sox2+ invasive cells that visually had detached from the tumor bulk and migrated into the brain
more than 100 μm from tumor border. 

(TCIA-TCGA dataset) The Cancer Imaging Archive, TCIA, with gene expression data from The Cancer
Genome Atlas, TCGA We identi�ed 21 (10 ADAM23hi and 11 ADAM23lo) preoperative astrocytoma
patients from TCGA whom had gene expression pro�les and corresponding MR imaging available in the
NCI's TCIA (http://cancerimagingarchive.net/). We used Fluid-Attenuated Inversion Recovery (FLAIR)
sequences that re�ects a mixture of edema and tumor in�ltration and is routinely used to evaluate its
extent. FLAIR sequences volumes and 3D reconstructions were acquired in 3D slicer software 4.10
version (Chaddad and Tanougast 2016).

http://cancerimagingarchive.net/
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F-actin labeling using phalloidin �uorescence staining. Actin �laments were stained with phalloidin
conjugated with Alexa Fluor 488 (Cell Signaling) for 15 minutes at room temperature and then washed 3
times with PBS. Nuclei were stained with 4',6-Diamino-2-Phenylindole (DAPI, 0.5 μg/mL) for 2 min.
Images were captured under EVOS FL-AUTO2 microscope (Thermo Fisher Scienti�c) equipped with the
appropriate �lters and aided by the “FibrilTool” plugin (Boudaoud et al. 2014) from ImageJ/FIJI
software (Schindelin et al. 2012).

Time-lapse microscopy of cell migration. A total of 10,000 iU87MG cells treated with IPTG (1mM) for 72h
were plated in a 24-well plate with or without 1 mg/mL of brain extracellular matrix hydrogel (MatriXpec
Brain, TissueLabs) coating. After 24h of plating the cells, they were subjected to individual cell migration
assay by real-time microscopy by monitoring on EVOS FL-AUTO 2 equipment (Thermo Fisher
Scienti�c) equipped with a temperature and gas supply control. Post-processing of the images was
performed using the ImageJ package Fiji with a cell tracking plug-in. For the assessment of the velocity
and directionality of cell motility, the “Manual Tracking” and “Chemotaxis and Migration Tool” (Ibidi)
plugins from ImageJ/FIJI software were used (Schindelin et al. 2012). 

Transwell invasion assays. A total of 2 x 105 cells were plated in the upper chamber of the matrigel-
coated transwell and allowed to invade for 22 h at 37 °C. 600 μl of the DMEM/F12 + 10% FBS were used
as chemo-attractant into the bottom of the lower chamber. At the end of the experiment, the top side of
the �lters were scraped with cotton swabs and migrating cells were �xed and stained with 4′,6-diamidino-
2-phenylindole (Sigma-Aldrich Co.). Cells were counted at x100 magni�cation in 20 different optical
�elds/insert. 

Cell invasion analysis in 3D puri�ed brain matrix. We followed previously published method for tri-
dimensional (3D) spheroids invasion assay (Costa & Camargo, 2018). Brie�y, spheroids of 30,000
iU87MG cells treated with IPTG (1 mM) were embedded within 3D brain matrix (MatriXpec Brain,
TissueLabs). The dynamic invasion of spheroids was monitored using the inverted microscope EVOS FL-
AUTO2 (Thermo Fisher Scienti�c). Subsequently, the live images were analyzed with ImageJ/FIJI
software.

Cell cycle analysis by �ow cytometry A total of 250,000 iU87MG cells were treated with IPTG (1 mM) for
96h. Cells were then �xed with 70% ethanol, washed with PBS and stained with Propidium Iodide (PI)
accordingly to the instructions of the FxCycle PI + RNAse reagent Staining Solution (Thermo Fisher). Cell-
cycle analysis was performed with a FACSCalibur cytometer and indicated populations were quanti�ed
using the CellQuest software. 

Clonogenic anchorage-independent assay. Single-cell suspensions of 1,000 viable  U87MG cells/well
were mixed to 300 μl of 0.5% low-melting agarose diluted in the complete medium and were plated in
culture dishes coated with 5 mm of 1% agarose. Plates were incubated at 37 °C and 5% CO2 for 4 weeks
to allow colony formation. The number of colonies formed and the colony area (mm2) were determined
under the light microscope using the ImageJ software (NIH, Bethesda, MD, USA). 
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Immunocytochemistry. U87 cells plated on coverslips or GSCs as neurospheres were �xed with 3.7%
paraformaldehyde in PBS for 15 min and permeabilized with 0.3% Triton X-100 in PBS for 5 min. The
cells were then blocked with 5% BSA and incubated with anti-Notch1 antibody (Cell Signaling, clone
D1E11, Cat # 3608), anti-NICD antibody (Cell Signaling, Val1744, clone D3B8, Cat # 4147), anti-
ADAM23 (Sigma-Aldrich Co., HPA012130), PSEN1 (Cell Signaling, clone D39D1, Cat # 5643), followed by
incubation with Alexa-Fluor 488-conjugated secondary antibody. After several washes in PBS, nuclear
labeling was performed with DAPI (0.5 μg/mL) for 2 min and cells were mounted on glass. The images
were analyzed using the inverted microscope EVOS FL-AUTO2 (Thermo Fisher Scienti�c). For
quanti�cation of protein expression, the outline of each cell has been de�ned by the actin labeling (red
�uorescence). 

γ-secretase activity analysis. For determination of γ-secretase activity, cells were subjected to Amyloid-β
ELISA immunoquanti�cation (aa1-42, DAB142 R&D Systems). The assay was performed according to the
instructions from the kit. 

Degree of brain invasion by �uorescence molecular tomography (FMT). Intracranial �uorescence images
obtained by the in vivo imaging systems (IVIS SpectrumCT) were used to indirectly track the invasion of
GSC after ADAM23 depletion according to a protocol adapted from Benitez et al. (2018). Brie�y, when
tumors reached the same photon signal intensity (cellularity) (approximately 109 photon counts/second)
they were submitted to pixel distribution analysis using ImageJ/FIJI software to delimit the tumor area.
The degree of invasion was inferred comparing the area of the tumors with the same cellularity.

RNAseq and GSEA analyses. Total RNA samples were extracted from GSC23 and U87MG cell variants
using TRIzol. Total RNA was enriched for polyA+-containing RNA using oligo-dT dynabeads and then
used as a template to cDNA synthesis. The cDNA was submitted to ultrasonic digestion, end repair, A-
tailing reaction and adaptor ligation prior to size selection in a high-resolution agarose gel. Selected
fragments ranging from 150 to 400 bp were ampli�ed by PCR. Finally, library products were submitted to
sequencing in the Illumina platform using the protocol “Hi-Seq Rapid Run Duo SR 100 Cycle”. Read
sequences were aligned and mapped against the human genome using RNA Express Application (version
1.0.0) from BaseSpace.  The list of genes with cpm > 5 (U87MG: 10,967 genes and GSC23: 11,591 genes)
were used for the analyses. GSEA was performed using GSEA v2.0.12 with probes ranked by t test, and
signi�cance was determined by 1000 phenotype permutations, being considered the FDR < 0.05 (False
Discovery ratio) to �lter the groups signi�cantly enriched (Subramanian et al., 2005). In this report we use
lists of gene signatures (Gene sets) speci�c to neurodegenerative diseases and others identi�ed
throughout the report.

Statistical analyses. The results obtained were tested for normality using the Saphiro Wilk test.
Parametric data (p> 0.05 in the Saphiro Wilk test) were expressed as mean ± standard deviation (SD) and
analyzed using the unpaired t-test (for samples with different variances, Welch correction was used) or
one-way ANOVA followed Bonferroni’s post-test. The overall survival data were plotted on a Kaplan-Meier
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curve and analyzed by Log-rank test. All data were analyzed using the statistical software GraphPad
Prism version 6. The p-value was considered statistically signi�cant when the risk α ≤ 0.05.

Results
ADAM23 gene expression is downregulated in diffuse astrocytomas 

ADAM23 transcripts are expressed in several normal tissues with particularly high levels in multiple
regions of the CNS (Goldsmith et al., 2004) (Fig. S1). To evaluate ADAM23 gene expression in CNS
tumors, we measured ADAM23 mRNA levels using qRT-PCR in the non-neoplastic brain (NNB) and 143
WHO grades 2-4 astrocytomas from the HC cohort. ADAM23 expression was signi�cantly downregulated
in diffuse astrocytomas compared with NNB (p < 0.001) (Fig. 1A). Downregulation of ADAM23 expression
in CNS tumors was validated in an independent cohort (Rembrandt dataset). Independent of the tumor
grade, all astrocytomas displayed a marked decrease in ADAM23 expression compared with NNB (p <
0.0001) (Fig. 1B).

ADAM23 depletion promotes brain in�ltration 

To assess the role of ADAM23 expression in astrocytomas, we examined ADAM23 levels in a panel of
GSC and glioblastoma (GBM) cell lines using RT-qPCR. U87 and GSC23 cells amongst the glioma cells
had the highest expression levels of ADAM23, as con�rmed using immuno�uorescence assays (Fig. 2A-
B). GSC23 and U87 cells were transduced with two independent shRNAs against ADAM23 or a control
hairpin against GFP (Fig. 2B-D) and grafted into nude mice via orthotopic transplantation. Qualitative
blind microscopic examination by an expert neuropathologist revealed that GSC23 tumors were
remarkably in�ltrative, with GSC cells detected in both hemispheres with a partial recapitulation of key
histological features of human GBM, includinghypercellularity and marked nuclear atypia, but excluding
microvascular proliferation and necrosis (Fig. S2). In contrast, orthotopic xenografts of U87 cells that
typically exhibit a non-in�ltrative growth pattern in the brain parenchyma (de Vries et al., 2009; Miura et
al., 2010) did not exhibit any in�ltrative gains or signi�cant changes in their histopathology, even after
ADAM23 depletion (Fig. S3A-B).

Quantitative measurements of GSC23 in�ltration showed a 3-fold increase in the number of disseminated
GSCs in ADAM23low tumors (GSC-A23low) compared with the controls (GSC-A23hi) (Fig. 2E). Additionally,
in vivo biodistribution pro�les generated using whole-brain �uorescence molecular tomography (FMT)
analysis showed that GSC-A23low tumors signi�cantly spread over a larger area of the mouse brain
compared with the GSC-A23hi tumors (Fig. 2F-G). 

The role of ADAM23 in the in�ltrative behavior of diffuse astrocytomas was evaluated using 21
preoperative astrocytoma datasets included in the TCIA-TCGA repositories. Subgroup cases (ADAM23hi

and ADAM23low) were compared to determine the �uid-attenuated inversion recovery (FLAIR) signal
volume images that matched the level of peritumoral invasion/edema. Interestingly, these neuroimaging
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�ndings and ADAM23 expression were inversely correlated (Spearman correlation = −0.62, p = 0.003, Fig.
2H). We observed a 3.8-fold higher FLAIR volume in ADAM23low lower astrocytomas (Fig. 2I). These
results demonstrate that lower levels of ADAM23 facilitate the emergence of a brain in�ltrative tumor
phenotype in preclinical models and human patients.

ADAM23 regulates astrocytoma cell migration and invasion in vitro 

To better characterize the functional consequences of ADAM23 depletion, we used a Matrigel-based
transwell invasion assay. A signi�cant 16-fold increase in the invasion of 3D matrices was observed for
GSC-A23low cells compared to GSC-A23hi cells (Fig. 3A). 

We also tested the migration and invasion potential of the U87 cell line in which ADAM23-shRNAs were
placed under the control of an IPTG-inducible promoter (iU87 cells) (Fig. 3B). IPTG-induced cells plated on
exogenous brain extracellular matrix (B-ECM) acquired mesenchymal-like features, with highly dynamic
�lopodia protrusions and a marked increase in actin polymerization (Fig. 3C). Within 24 h of B-ECM,
IPTG-induced cells exhibited a 25% global increase in migration speed (Fig. 3D), with up to 82% of cells
switching to a faster migratory mode (>10 µm/h; Fig 3E), 13% increase in total distance, and 45% in
directional movement (Fig. S4A-B) when compared with non-induced or control cells (i.e., U87 cells
transduced with IPTG-inducible control-shRNAs). Complementarily, long-term exposure of iU87 cells to
IPTG resulted in a signi�cant increase their Matrigel invasion (Fig. 3F), a time-dependent decrease in cell
proliferation (Fig. S4C), cell cycle arrest in the G0/G1 phase (Fig. S4D), and lower clonogenic e�ciency
than the controls (Fig. S4E). 

Interestingly, when iU87 cells cultured as multicellular spheroids were embedded into 3D B-ECM, we
observed a 48% increase in the brain matrix invasion speed after IPTG treatment (Fig. 3G). However, when
IPTG was removed, ADAM23 expression levels were rescued (Fig. S4F), decreasing the cell invasion
speed to levels similar to those observed in the control cells (Fig. 3G). These results indicated that the
ADAM23-dependent invasive switch is reversible. 

ADAM23 depletion promotes extension in overall survival (OS) associated with decreased brain
herniation

Although no signi�cant differences were observed in the tumorigenic potential or tumor latency (Fig. S5A-
C), we observed a slower tumor growth rate (Fig. 4A) and an unexpected extension of OS in mice bearing
GSC-A23low tumors (Fig. 4B). To determine whether ADAM23 levels might be a biomarker of improved
survival in human astrocytomas, we used the clinical and expression information from the TCGA and
CGGA cohorts (Bowman et al., 2017). Patients were grouped according to their median ADAM23
expression into high and low groups. The OS was not different between patients with ADAM23hi and
ADAM23low GBM (Fig. 4C, TCGA: HR = 1.26 [0.55–1.12], p = 0.188, and CGGA: HR = 0.95 [0.71–1.26], p =
0.71). Interestingly, subjects with ADAM23hi low-grade astrocytomas had a worse prognosis than those
with ADAM23low ones (TCGA: HR = 0.49 [0.28–0.82], p = 0.008; CGGA: HR = 0.55 [0.32–0.92], p = 0.026)
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(Fig. 4D-E), successfully recapitulating the differences in OS observed in the GSC mouse model (Fig. 4B).
The prognostic impact of ADAM23 expression level was independent of IDH status (Fig. S6A-B). Together,
these data indicate that ADAM23 expression in lower-grade astrocytomas is associated with a poor
prognosis. To further investigate the relationship between ADAM23 expression, GSC dissemination, and
mouse OS, we used the midline shift (MLS) as a quantitative indicator of mass effect and herniation.
GSC-ADAM23low tumors exerted a signi�cant 40% reduction in MLSs compared to GSC-ADAM23hi tumors
(Fig. 4F), although both conditions presented similar sizes. 

ADAM23 depletion reprograms astrocytoma cells to a pro-in�ltrative and Alzheimer’s disease-like (AD)
gene expression signature

Next, gene expression pro�le analysis (RNA-seq) was performed to identify differentially expressed genes
(DEGs) associated with ADAM23 status in GSC and U87 cells. We found that 5.2% (605/11,591) and 1.8%
(197/10,967) of the total genes were DEGs in GSCs and U87 cells, respectively, after ADAM23 depletion
(Fig. 5A, -0.75 > log2FC > 0.75, FDR < 0.05). Only seven DEGs, including ADAM23, were differentially
expressed in both cell lines (NMB, GLTSCR2, MBNL3, CLIP2, TMEM134, and SLCO4A1) (Fig. S7A). A
complete list of all the DEGs is provided in Supplementary Table S1. 

Despite the low correspondence of DEGs in GSC and U87 cell lines, approximately 15% of DEGs in both
models could be signi�cantly integrated into a similar signaling pathway associated with AD (p = 6.38 x
10−19 for GSC and p = 8.57 x 10−9 for U87) (Tables S1, S2) (Blalock et al., 2004). These genes are
enriched in transcription factors involved in cell proliferation control, matrix and extracellular adhesion
(e.g., laminins and integrins), semaphorin pathway that inhibits axonal elongation, glial cell-mediated
in�ammation, and oxidative stress. 

Gene set enrichment analysis (GSEA) was performed using several gene signatures to test the functional
role of ADAM23 in silico. The GSC and U87 ADAM23low cell transcriptional states signi�cantly matched
the biological processes associated with GBM invasion (Pang et al., 2019) (GSC NES = 3.20, FDR q-value
< 0.05; U87 NES = 3.46, FDR q-value < 0.05) (Fig. 5B) and signaling pathways associated with AD (GSC
NES = 2.13, FDR q-value < 0.05; U87 NES = 1.32, FDR q-value < 0.05) (Fig. 5C and Fig. S7B) (Blalock et al.,
2004). 

To extend these observations to patient data, gene co-expression analysis was used to identify regulatory
networks associated with ADAM23 levels in grade 2-3 astrocytomas and GBM from two additional
cohorts (TCGA and CGGA). Accordingly, gene ontology (GO) annotations of gene sets inversely correlated
with ADAM23 mainly included terms related to tumor invasiveness and AD in both cohorts (Fig. 5D-E and
Supplementary Tables S3-6). GSEA also identi�ed a signi�cant enrichment for genes associated with
enhanced γ-secretase complex activity in ADAM23low astrocytoma cells (Magold et al., 2009) (Fig. 5F,
GSC NES = 1.81 and U87 NES = 1.69, FDR q-value < 0.05). Consistently, genes upregulated in response to
pharmacological γ-secretase inhibition (Dohda et al., 2007) were signi�cantly enriched in ADAM23hi

astrocytoma cells (Fig. 5G, GSC NES = −1.42 and U87 NES = −1.72, FDR q-value < 0.05).
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These results suggest that, despite the poor overlap between the two sets of DEGs, reprogramming of
cells toward a pro-in�ltrative, AD-like phenotype is shared by both GSC and U87 models, and is also
observed in two independent cohorts of grade 2-4 patients. This suggests that ADAM23-mediated
alterations in gene expression are manifested at the level of functions rather than at the individual gene
level. 

ADAM23-depletion increased cleavage of amyloid precursor protein (APP) and proteolytic activation of
NOTCH1 

Given the persistent association between ADAM23low status, transcriptional signatures of AD, and high γ-
secretase activity in silico, we investigated the involvement of ADAM23 in the pathological hallmark of
AD — amyloid-β (Aβ) deposition.

ADAM23low tumors increase Aβ deposits by up to 55% in GSCs and 140% in U87 tumors compared with
ADAM23hi tumors (Fig. 6A). In line with these data, we observed a 50−60% increase in Aβ levels in
ADAM23low cells compared with ADAM23hi cells supernatants (Fig. 6B). In both lineages, this increase
was signi�cantly reduced upon pre-treatment with a potent GSI (RO4929097) (Fig. 6B), suggesting an
increase in the activity of γ-secretase following ADAM23 depletion. 

As γ-secretase also cleaves other substrates, including Notch1, the levels of the Notch pathway
downstream effector NICD1 were also evaluated. As predicted, we observed a strong increase of up to
20% and 190% in NICD1 levels in U87 and GSC ADAM23low cells, respectively, compared with their
corresponding controls and ADAM23hi cells (Fig. 6C-D). To examine downstream NICD1 signaling, we
assessed the expression of 27 genes that were downregulated in cells with constitutively active Notch1
(Vilimas et al., 2007). Of these genes, 60% (12/20) to 80% (15/19) were core-enriched in GSEA analyses
of ADAM23low cells (GSC NES = −1.78; U87 NES = −2.24, FDR q-value < 0.05) (Fig. 6E). Finally, analysis of
the TCGA dataset revealed a positive correlation between ADAM23low astrocytomas and Notch1 signaling
pathway genes (Fig. S8A-B) (NES = −1.49, FDR q-value < 0.05).

γ-secretase inhibition abrogates ADAM23-induced invasion

Transwell invasive assays with ADAM23low and ADAM23hi cells in the presence or absence of GSI were
performed to determine whether astrocytoma cell invasion is dependent on γ-secretase activity.
Interestingly, we observed inhibition of over 40% of invasive behavior, speci�cally on ADAM23low cells,
with no effect on the invasiveness of ADAM23hi cells, implying that only ADAM23low-dependent
increment of invasion requires γ-secretase activity (Fig. 7A). The same pattern was observed in the iU87
ADAM23-depleted cells (Fig. 7B).

The expression of presenilin-1 (PS1), the catalytic subunit of the γ-secretase complex, was ablated using
two independent shRNAs against PS1 in cU87 and GSC ADAM23low cells (ADAM23low/PS1low; Fig. S9A-
B) or scrambled control hairpin. ADAM23low/PS1low cells secreted 60–70% less Aβ in the supernatant
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(Fig. 7C) and exhibited signi�cant impairment of approximately 40–50% of the enhanced invasive
phenotype compared with the GSC ADAM23low control cells (Fig. 7D). Accordingly, we also observed a
statistically signi�cant decrease of 52% in the average migratory speed of U87 ADAM23low/PS1low cells
compared with ADAM23low/PS1hi control cells (Fig. 7E). 

Extending these observations in vivo, the in�ltrative gain described for GSC ADAM23low tumors (Fig. 2G)
was no longer observed after silencing PS1 (Fig. 7F). In addition, no differences in tumor growth rates or
mouse OS were observed between the ADAM23low/PS1low and ADAM23low/PS1hi control groups (Fig.
S9C-E). 

Taken together, these data suggest a mechanism where γ-secretase is activated and the Notch1 pathway
is upregulated by the downregulation of ADAM23 in astrocytoma cells. Moreover, the migratory and
invasive responses of astrocytoma cells lacking ADAM23 expression are more sensitive to γ-secretase
inhibition. 

Discussion
We previously showed that ADAM23 depletion promotes the invasion of carcinoma cells (E.T. Costa et al.,
2015). However, the role of ADAM23 in the in�ltrative growth of gliomas has not yet been experimentally
investigated. Initially, we observed that ADAM23 expression was downregulated in diffuse astrocytomas
compared to normal brain samples. Next, we discovered a causal association between the in�ltrative
growth pattern of diffuse astrocytomas and ADAM23 expression. Our in vitro functional assays,
histological �ndings of preclinical orthotopic mouse models, and radiogenomic analysis highlight a
program of in�ltrative growth control, in which ADAM23 gene downregulation induces a molecular
reprogramming towards a pro-in�ltrative gene signature. This leads to a dramatic increase in the number
of brain-in�ltrating GSCs and the reduction of the compression forces exerted by these tumors on the
surrounding brain tissue — the so-called mass effect — widely recognized as an important factor in the
death of brain tumor patients (Silbergeld et al., 1991).

Accordingly, ADAM23-dependent changes in in�ltrative growth patterns lead to signi�cantly increased OS
across distinct cohorts of astrocytoma patients and in a preclinical model. Mice-bearing ADAM23low

in�ltrative tumors become long-term survivors, with a 3-fold increase in the number of brain-in�ltrating
GSCs. Similarly, by combining MRI sequences with TCGA data, we observed a nearly 4-fold enhanced
FLAIR volume in the ADAM23low astrocytoma subgroup, re�ecting increased peritumoral invasion.

Furthermore, the median OS of patients with ADAM23low tumors was 93 months, with most patients (> 
90%) dying within 5 years, compared with 44 months for patients bearing ADAM23high tumors. These
results demonstrate that FLAIR-volume data could be useful for in�ltration features and that lower levels
of ADAM23 facilitate the emergence of an invasive tumor phenotype. In line with our in vitro and
xenotransplantation data, these �ndings suggested that a worse prognosis among astrocytoma patients
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(and in an established mouse model) with high ADAM23 expression could be due to divergent patterns of
displacement of the surrounding brain tissue (mass effect).

Previous studies have demonstrated that a subgroup of astrocytoma patients with longer OS is
associated with little mass effect and herniation and is signi�cantly enriched for genes involved in
invasive programs (Steed et al., 2018, Drumm et al., 2020). Thus, our initial �ndings provide su�cient
evidence that ADAM23 levels are important mediators of the in�ltrative growth pattern and a predictor of
OS in astrocytoma patients, suggesting their importance as a prognostic biomarker. Additional studies on
the clinical value of ADAM23 expression as a glioma biomarker will address this potential use.

ADAM23 is highly expressed in the brain and is a non-catalytic member of the ADAMs — a protein family
that is traditionally associated with the process of ectodomain shedding of membrane-associated
proteins (Goldsmith et al., 2004). Further appreciation of the catalytic activity of ADAMs has been gained
from studies on regulated intramembrane proteolysis (RIP) by the PS-containing γ-secretase complex
(Edwards et al., 2008; Le Gall et al., 2010). RIP acts on transmembrane substrates, releasing their
cytoplasmic domain for tra�cking to the nucleus to act as transcription factors. RIP dysregulation is
found in human brain diseases such as gliomas and Alzheimer's disease (AD) (Haass and Selkoe, 2007;
Murphy, 2008; Dries and Yu, 2009). Functionally, ADAM23 depletion in GSC and non-GSC models induces
the characteristic transcriptional signatures associated with AD. This gene list comprises transcription
factors involved in inhibiting cell proliferation (e.g., Rb, RBBP1, RBAK, PML, PRKR proteins); genes
associated with the matrix, adhesion, and extracellular migration (e.g., laminins, tenascin, and integrins);
semaphorin pathway genes that inhibit axonal elongation; genes associated with glial cell-mediated
in�ammatory processes; and oxidative stress (e.g., IFN-g, IL-18) (Blalock et al., 2004). Considering that the
AD signature develops progressively with dysfunctional γ-secretase activity (Jurisch-Yaksi, Sannerud, and
Annaert 2013; Viola and Klein 2015), which is altered in gliomas and is often implicated in cell motility
through Notch1 pathway activation (Zhang et al., 2012; J. Wang et al., 2019; Kucheryavykh et al., 2019;
Hiddingh et al., 2014; Gilbert et al., 2010, Bazzoni and Bentivegna, 2019), we examined the effects of
ADAM23 on the γ-secretase activity of GSC and non-GSC models. Our results showed that ADAM23
downregulation increased γ-secretase activity, leading to elevated Aβ and NICD generation in vitro and in
vivo. Although con�icting data exist and evidence for the e�cacy of γ-secretase inhibitors in clinical trials
is under debate, several classes of Notch inhibitors in human cancers have been developed, including GSI
and α-secretase inhibitors that inhibit members of the ADAM family (Bazzoni and Bentivegna 2019).
Notably, both GSIs, initially developed as AD therapy, and shRNA-mediated knockdown of PS1 reversed
the invasive gains mediated by ADAM23 loss in vitro and in vivo. These �ndings raise important
questions regarding the use of GSIs for targeting astrocytomas. For example, which speci�c astrocytoma
subtypes exhibit Notch-dependent in�ltrative growth? Recently, several studies have suggested that
pharmacological inhibition of γ-secretase/Notch signaling dramatically increases irradiation-induced cell
death and exerts speci�c effects on GSC subpopulations (Lin et al., 2010;Bazzoni and Bentivegna, 2019).
More speci�cally, in our experimental and preclinical models, we showed that the e�cacy of GSI was
preferentially observed in ADAM23low GSCs. This inhibition can be used in addition to conventional
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treatments, providing an opportunity for an “anti-invasive” therapy to reduce brain in�ltration in
ADAM23low tumors.

Conclusions
In conclusion, we demonstrated that ADAM23 regulates the activity of the PS1-containing γ-secretase
complex. Moreover, low expression levels of ADAM23 are good prognostic markers in diffuse (grades 2–
3) astrocytomas and can help identify a subclass of patients that might bene�t from the use of GSI.
Although shRNA-mediated γ-secretase inactivation was insu�cient to inhibit astrocytoma growth or
increase mouse OS, this approach might be promising for inhibiting the migratory and invasive
phenotypes of GSCs, considering that in�ltrative growth in the brain parenchyma is a major factor in
therapeutic failure, precluding complete tumor removal by surgery.
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Figures

Figure 1

ADAM23 expression levels in diffuse astrocytomas and NNB.

(A) RT-qPCR analysis of ADAM23 mRNA expression in diffuse astrocytomas from HC cohort (n=143),
including: 22 NNB, 44 LGA (grades 2-3) and 99 GBM (grade 4) samples. (B) ADAM23 mRNA expression
obtained from the Repository of Molecular Brain Neoplasia Data (REMBRANDT cohort) (n=394),
including 28 NNB, 147 LGA and 219 GBM samples. All the data was represented as median, q25, and
q75. Kruskal-Wallis with Dunn’s post-hoc test, * p < 0.05 and **** p < 0.0001. LGA lower grade
astrocytomas, GBM glioblastoma, NNB non-neoplastic brain.
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Figure 2

ADAM23 depletion increases astrocytoma in�ltration.
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(A) RT-qPCR analysis of ADAM23 mRNA expression in several Glioma Stem Cells (GSC) and GBM cell
lines. (B) Representative immuno�uorescence images of Adam23 expression in GSC23 and U87 cells
before and after ADAM23-depletion (shRNA). (C) RT-qPCR analysis of ADAM23 mRNA expression in
GSC23 and (D) U87 cells after ADAM23 depletion (shRNA). Data is represent as mean ± SD (n = 3). (E)
Representative IHC staining and quanti�cation of GSC invading the normal brain parenchyma of mice.
Data is represent as mean ± SD (n = 3 mice for each condition). Student’s t-test, * p < 0.05. (F)
Representative pictures of intracranial GSC tumors and (G) brain in�ltrative evaluation by �uorescence
molecular tomography (FMT) (n = 3 ADAM23hi and n = 6 ADAM23low). Data is represent as mean ± SD.
Student’s t-test, * p < 0.05. (H) Correlative analysis of ADAM23 mRNA expression (RNAseq, TCGA) and
MRI FLAIR sequences (TCIA) in 21 LGA (ADAM23low = 10 and ADAM23hi = 11) (spearman correlation =
-0.62, p = 0.003). (I) Representative MRI FLAIR sequences showing a LGA ADAM23hi (left) and a LGA
ADAM23low (right) tumor. The level of peritumoral invasion/edema by FLAIR-volume analysis into
ADAM23hi tumors (above the third quartile) and LGA ADAM23low (below �rst quartile) groups. Mann-
Whitney test, * p < 0.05.
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Figure 3

Low ADAM23 expression induces migration and invasion in malignant astrocytomas cells.

(A) Representative images and count of invasive GSC-A23hi and GSC-A23low cells in a transwell invasion
assay. Data is presented as mean ± SD (n = 3). Student’s t-test, * p < 0.05. (B) Kinetics of ADAM23 mRNA
knockdown by RT-qPCR analysis in iU87MG cells treated with 1mM IPTG. (C) Representative
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immuno�uorescence images of F-actin �bers and nuclei counterstained using Phalloidin and DAPI in
iU87 cells plated on B-ECM and treated with IPTG (96h). Anisotropy evaluation using ImageJ/FIJI Fibril
tool plugin in 64 iU87-A23hi cells and 66 iU87-A23low cells. Mann-Whitney test, * p < 0.05. (D) Median
velocity (μm/h) of iU87-A23hi (n = 50) and iU87-A23low cells (n = 90, IPTG 1mM for 96h) plated on B-ECM.
Mann-Whitney test, * p < 0.05. (E) Cumulative percentage of iU87-A23hi and iU87-A23low cells in each
velocity. (F) Representative images and count of invasive iU87-A23hi and iU87-A23low cells cultured in
neurospheres medium for 7-10 days in a transwell invasion assay. Data is represent as mean ± SD (n =
3). Student’s t-test, * p < 0.05. (G) Representative images of multicellular spheroid invasion in B-ECM 3D
hydrogel. The assay was performed with iU87-A23hi (no IPTG), iU87-A23low (plus 1mM IPTG) and iU87-
A23low-Rescue (after 20 days of IPTG washing) cells. Data is represent as mean ± SD (n = 5-8
spheroids/condition). One-way ANOVA followed by Bonferroni post-test, * p < 0.05.
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Figure 4

ADAM23 depletion increases OS.

(A) Representative pictures of intracranial GSC tumors after 63 days of implantation (n = 4 ADAM23hi

and n = 6 ADAM23low). (B) Kaplan-Meier overall survival curves of nude mice bearing GSC-A23hi and
GSC-A23low tumors. Log-rank test, p = 0.002. (C-E) Kaplan-Meier overall survival curves of GBM (grade
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4) and LGA (grade 2-3) patients’ from TCGA and CGGA cohorts dichotomized in ADAM23low (green lines)
and ADAM23high (salmon lines) groups. Log-rank test. (F) Representative white light pictures of the
excised mouse brain samples showing the deviation of the midline shift (dMLS) caused by the growth of
intracranial GSC tumors. Data is represent as mean ± SD. Student’s t-test, * p < 0.05.

Figure 5

Low ADAM23 expression in malignant astrocytomas correlates with invasive gene and AD gene
signatures.

(A) RNA-seq data analysis showed the proportion of DEGs in GSC and U87 cells before (A23hi) and after
(A23low) ADAM23 depletion (-0.75 < log2 > 0.75, q-value < 0.05). (B) GSEA analysis of RNA-seq data from
GSC and U87 cells comparing A23hi vs. A23low groups using an invasive signature (Pang et al., 2019). (C)
GSEA analysis of RNA-seq data from GSC and U87 cells comparing A23hi vs. A23low groups using the
Alzheimer’s disease signature (Blalock et al., 2004). (D-E) Upregulated processes (C2 – curated gene sets
from online MSigDB) correlated with ADAM23 depletion levels in GBM (D) and LGA (E) using TCGA and
CGGA cohorts. (F) GSEA analysis of RNA-seq data from GSC and U87 cells comparing A23hi vs. A23low

groups using γ-secretase activity signature (Magold et al., 2009). (G) GSEA analysis of RNA-seq data
from GSC and U87 cells comparing A23hi vs. A23low groups using a signature associated with the GSI
DAPT (Dohda et al., 2007).

Figure 6

ADAM23 depletion induces γ-secretase enzymatic activity in malignant astrocytomas.

(A) Representative IHC staining of amyloid-β expression in intracranial GSC and U87 tumors. (B)
Quanti�cation of Amyloid-β in the supernatant of iU87 (left) and GSC (right) cells comparing A23hi vs.
A23low groups treated with GSI RO4929097 (10 µM) for 24h. Data is represent as mean ± SD (n = 3). Two-
way ANOVA followed by Bonferroni’s post-test, * p < 0.05. (C-D) Representative immuno�uorescence
images of NICD1 in GSC (C) and U87 (D) cells. (E) GSEA analysis of RNA-seq data from GSC and U87
cells comparing A23hi vs. A23low groups using Notch1 target gene signature (Vilimas et al., 2007).
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Figure 7

Low ADAM23 expression confers sensitivity to GSI.

(A) Representative images and count of invasive GSC-A23hi and GSC-A23low cells treated with GSI 10 µM
for 24h in a transwell invasion assay. (B) Representative images and count of invasive iU87-A23hi and
iU87-A23low cells cultured in neurospheres medium for 7-10 days, treated with IPTG and GSI 10 µM for
24h in a transwell invasion assay. Data is represent as mean ± SD (n = 3). Two-way ANOVA followed by
Bonferroni’s post-test, * p < 0.05. (C) Quanti�cation of Amyloid-β in the supernatant of GSC (left) and U87
(right) cells silenced for ADAM23 vs. co-silenced for ADAM23 and PS1 genes. Data is represent as mean
± SD (n = 3). Two-way ANOVA followed by Bonferroni’s post-test, * p < 0.05. (D) Representative images
and count of invasive GSC-A23low and GSC-A23low/PS1low in a transwell invasion assay. Data is
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represent as mean ± SD (n = 3). Student’s t-test, * p < 0.05. (E) Cumulative percentage of U87-A23low and
U87-A23low/PS1low cells in each velocity. (F) Representative pictures of intracranial GSC-A23low and GSC-
A23low/PS1low tumors and brain in�ltrative evaluation by �uorescence molecular tomography (FMT)
(A23low n = 5; A23low+PS1low n = 8).

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

LegendsSuplFigs.docx

FigureS1.tif

FigureS2.tif

FigureS3.tif

FigureS4.tif

FigureS5.tif

FigureS6.tif

FigureS7.tif

FigureS8.tif

FigureS9.tif

https://assets.researchsquare.com/files/rs-1538484/v1/0695bccdf02ba50506df4dc7.docx
https://assets.researchsquare.com/files/rs-1538484/v1/70e756be8b3d661ffefa72fd.tif
https://assets.researchsquare.com/files/rs-1538484/v1/49b707bc93aec315906cfe5d.tif
https://assets.researchsquare.com/files/rs-1538484/v1/6852cc5d82ff97fcfdb8d80e.tif
https://assets.researchsquare.com/files/rs-1538484/v1/51ede32ab9fcd7e2da4cd0cf.tif
https://assets.researchsquare.com/files/rs-1538484/v1/aba7897d1a96a37f5d92efde.tif
https://assets.researchsquare.com/files/rs-1538484/v1/7423671766dcb4a322b87147.tif
https://assets.researchsquare.com/files/rs-1538484/v1/6aec1bc4883afa024e9c0a29.tif
https://assets.researchsquare.com/files/rs-1538484/v1/82a9444921a36bb17721eafe.tif
https://assets.researchsquare.com/files/rs-1538484/v1/aa629fd4a614676710705ba3.tif

