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Background: Gliomas are the most frequent and aggressive malignancies of the central nervous system. Decades
of molecular analyses have demonstrated that gliomas accumulate genetic alterations that culminate in en-
hanced activity of receptor tyrosine kinases and downstream mediators. While the genetic alterations, like
gene amplification or loss, have beenwell characterized, little information exists about changes in the proteome
of gliomas of different grades.
Methods: We performed unbiased quantitative proteomics of human glioma biopsies by mass spectrometry
followed by bioinformatic analysis.
Findings: Various pathways were found to be up- or downregulated. In particular, endocytosis as pathway was
affected by a vast and concomitant reduction of multiple machinery components involved in initiation, forma-
tion, and scission of endocytic carriers. Both clathrin-dependent and -independent endocytosis were changed,
since not only clathrin, AP-2 adaptins, and endophilins were downregulated, but also dynamin that is shared
by both pathways. The reduction of endocytic machinery components caused increased receptor cell surface
levels, a prominent phenotype of defective endocytosis. Analysis of additional biopsies revealed that depletion
of endocytic machinery components was a common trait of various glioma grades and subclasses.
Interpretation:We propose that impaired endocytosis creates a selective advantage in glioma tumor progression
due to prolonged receptor tyrosine kinase signaling from the cell surface.
Fund: This work was supported by Grants 316030-164105 (to P. Jenö), 31003A-162643 (to M. Spiess) and
PP00P3-176974 (to G. Hutter) from the Swiss National Science Foundation. Further funding was received by
the Department of Surgery from the University Hospital Basel.
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Gliomas are the most frequent and aggressive malignancies of the
central nervous system with a median survival rate of 14 months for
the World Health Organization (WHO) grade IV glioblastoma (GB) pa-
tients [1]. Current adjuvant chemotherapy based on the alkylating
agent temozolomide results in a relative survival benefit for glioma pa-
tients with methylation of the MGMT gene promoter [2]. A posteriori,
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gliomas with this molecular feature turned out to include tumors with
the glioma CpG island methylator phenotype (G-CIMP), that is tightly
associated with mutations at the genes for isocitrate dehydrogenase
(IDH), either IDH1 or IDH2 [3,4]. These IDH mutations are prevalent in
lower-grade glioma and secondary glioblastoma [5]. In light of this
knowledge, the classification based on histopathology has recently
been amended and approved by the WHO [1]. Primary GBs, i.e. those
wild-type for IDH, show prevalent chromosome 7 and 10 aneuploidy
and frequentmutations in the promoter of the TERT gene coding for tel-
omerase reverse transcriptase [6,7].

Results from -omics and next-generation genome sequencing of
large numbers of GB consistently predicted their classification into
three molecular subgroups: classical, proneural, and mesenchymal
[8–11]. The subclassification in IDHmutant versus IDHwild-type glioma
rticle under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Research in context

Evidence before this study

Gliomas are the most frequent and the most aggressive malignan-
cies of the central nervous system. Decades of molecular genetic
analyses have shown that gliomas accumulate genetic alterations
that result in the enhanced activity of growth factor receptor tyro-
sine kinases (RTKs), andmediators of downstream signaling path-
ways. Among them are gain-of-function of EGFR, PDGFR, PI3KA
or BRAF, and loss-of-function of PTEN orNF1, resulting in exacer-
bated proliferative responses. While the genetic alterations are
well established, little information exists about proteomic changes
of gliomas of different grades and subclasses.

Added value of this study

Using unbiased proteomics profiling, we found various pathways
to be up- or downregulated in human glioma biopsies of different
grades. In particular, endocytosis as pathway was affected by a
vast and concomitant depletion of multiple machinery compo-
nents involved in the generation of clathrin-dependent and
-independent endocytic carriers for RTK internalization. In addi-
tion, by expanding our analysis to other glioma subclasses, we
found that downregulation of endocytosis is a common trait of gli-
omas. Thus, the reduction of endocytic machinery components
might maintain and potentially enhance growth factor signaling
from the cell surface.

Implications of all the available evidence

Quantitative proteomics revealed a shutdown of endocytosis ma-
chinery components in human glioma to a various extent. Our re-
sults suggest that impaired endocytosis is an additional strategy
used by gliomas to stimulate cell proliferation.Moreover, the pres-
ent study also provides an inventory of proteins that are quantita-
tively regulated in glioma and could be potentially clinically
exploited.
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described above has recently been supported and refined by genome-
wide methylation profile analysis [12]. Thus, the methylomic profile
has become the gold standard for molecular classification of gliomas
and is now routinely used in neuropathology for clinical purposes. Be-
sides identification of molecular diagnosis markers of gliomas, genomic
studies have highlighted the recurrence of chromosomal alterations
leading to amplification of receptor tyrosine kinase (RTK) genes, such
as EGFR and PDGFR, or loss of PTEN and CDKN2A tumor suppressor
genes encoding inhibitors of RTK signaling [7,13–17]. In fact, 88% of gli-
oma biopsies carry genetic alterations in RTKs and their downstream
pathways. This reflects the primordial role of RTKs and their down-
stream signaling pathways during gliomagenesis.

Upon binding of growth factors, RTKs homo- and/or heterodimerize,
become autophosphorylated, activated, and are rapidly internalized by
distinct endocytic sorting machineries for subsequent downregulation
or recycling [18,19]. Endocytosis of activated RTK-ligand complexes
has been reported to occur via two different internalization routes:
clathrin-mediated or clathrin-independent endocytosis (CME or CIE, re-
spectively) [20–23]. CME proceeds through clathrin-coated pits and
vesicles that are formed by the sequential recruitment of
heterotetrameric AP-2 adaptor protein complexes comprising α, β2,
μ2 and σ2 adaptins and of clathrin triskelia composed of three clathrin
heavy chains (CHC17) with tightly associated clathrin light chains
(CLCs) [24,25]. The efficient progression through clathrin-coated vesicle
(CCV) initiation, formation, and scission ismediated by the orchestrated
action of multiple accessory components, among them FCHo proteins,
intersectins, and EPS15 to modulate recruited AP-2 [26–28], AP180/
CALM, Dab2 and other alternative adaptors to expand cargo selection
[29,30], Bin/Amphiphysin/Rvs (BAR) and Src Homology (SH3)
domain-containing proteins such as amphiphysins and endophilins for
sensing and generating membrane curvature [31], and the mechano-
chemical enzyme dynamin to finally pinch-off the nascent CCV from
the plasma membrane [32,33]. Even though CME has been considered
the major pathway for the uptake and downregulation of RTKs, evi-
dence suggests that also CIE significantly contributes to internalization
of activated receptor populations. Clathrin-independent uptake re-
quires endophilin A1–3 as cargo adaptors and has thus been called
fast endophilin-mediated endocytosis (FEME) [34–37]. The consensus
is that cells exposed to stimuli (e.g., growth factors) can internalize a
significant fraction of activated RTKs via tubulo-vesicular carriers of
the FEME pathway for efficient and fast RTK downregulation [20].

While the genetic basis of enhanced growth factor activity in GB has
been established, regulatory mechanisms leading to strong RTK depen-
dency in GB have remained elusive. To identify novel targets and regu-
latory mechanisms, we initiated an unbiased, deep and quantitative
proteome analysis of glioma biopsies sampled from patients with vari-
ous glioma grades and genetic subtypes. The major finding is that mul-
tiple endocytic machinery components involved in the formation of
CME and/or FEME carriers are significantly reduced in patients irrespec-
tive of gliomagrade and subclass. Building on our analyses,we here pro-
pose that impaired endocytosis provides a selective advantage for
glioma tumor progression through increased growth factor sensing
and prolonged RTK signaling from the cell surface.

2. Materials and methods

2.1. Patient biopsies

Biopsy samples were collected from patients after obtaining in-
formed consent according to the guidelines of the local ethical commit-
tee (Ethikkommission Nordwestschweiz, #42/10). Samples were
collected from patients undergoing surgical removal of gliomas. To
match the glioma samples against control tissue, biopsies were col-
lected from patients undergoing surgery for epilepsy, as already de-
scribed in a number of previous studies [38–46]. Additional control
biopsies from white matter were used for quality control by immuno-
blotting (Fig. S3). Immediately after resection, the tissue was snap-
frozen and kept in liquid nitrogen until use.

2.2. Protein and peptide preparation, mass spectrometric and bioinformatic
analysis

Biopsies ranging from 25 to 258 mgwere mincedwith a razor blade
and transferred into a 1.5 mL microtube containing 8 M urea in 50 mM
Tris-HCl, pH 8.0, 75 mM NaCl (3 μL buffer per mg biopsy wet weight).
The tissuewas groundwith a Kimble Pellet Pestlemixer (SigmaAldrich)
fitted with a 1.5 mL pestle two times for 30 s. The homogenate was
pelleted at 12′000×g for 10min and the supernatantwas collected. Pro-
teins were reduced with 10 mM DTT at 55 °C for 30 min and alkylated
with 50mM iodoacetamide at room temperature for 15min. The extract
was applied to a PD-10 desalting column (GE Healthcare) and proteins
were elutedwith 4Murea in 50mMTris-HCl, pH 8.0, 75mMNaCl. 1mL
fractionswere collected and each fractionwasmeasured at 280 nm and
the protein-containing fractions were pooled.

Protein digestion was with two aliquots of endoproteinase LysC
(1:100 enzyme to protein ratio each, Wako chemicals) for 2 h at 37 °C.
The urea concentration was lowered to 2 M with 50 mM Tris-HCl,
pH 8.0, 75 mM NaCl and digestion was continued overnight at 37 °C
with trypsin (1:50, Sigma-Aldrich #T6567) followed by an additional
trypsin aliquot (1,50) for two 2 h. Digestion was stopped with TFA to
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1% final concentration. The peptides of the control and glioma extracts
were desalted on SepPak cartridges (Sigma-Aldrich) with 0.1% TFA
and bound peptides were eluted with 80% acetonitrile/0.1% TFA. The
desalted peptide pools were dried in a SpeedVac.

To reduce peptide complexity, individual digests of the glioma biop-
sies were injected onto a Vydac 218TPN column (Dr. Maisch). Peptides
were eluted at 30 μL/min from solvent A (20 mM ammonium formate,
pH 4.5) to solvent B (80% acetonitrile containing 20 mM ammonium
formate, pH 4.5) with the following gradient: 0 min 0% solvent B,
10 min 0% solvent B, 110 min 50% solvent B. 2-min fractions were col-
lected into a 96-well microtiter plate. Following the HPLC run of the gli-
oma digest, a second run under identical chromatographic conditions
and equal peptide amount of pooled control was carried out. Fractions
from the glioma run and the control run were individually pooled into
six pools by combining every sixth fraction in thepeptide-containing re-
gion of the chromatogram. The individual pools were dried and stored
at −20 °C. For mass spectrometric analysis, the pools were dissolved
in 30 μL 0.1% formic acid immediately before use.

The individual HPLCpoolswere analyzed by capillary liquid chroma-
tography tandem MS (LC/MS/MS) using a separating column
(0.075 mm × 30 cm) packed with Reprosil C18 reverse-phase material
(2.4 μm particle size, Dr. Maisch). The column was connected to an
Orbitrap Lumos Tribrid instrument (Thermo Scientific). The solvents
used for peptide separation were 0.1% formic acid in water (solvent
A) and 80% acetonitrile containing 0.1% formic acid in water (solvent
B). 2 μL of the individual pool was injected with an Easy-nLC 1200 cap-
illary pump (Thermo Scientific) set to 0.3 μL/min. A linear gradient from
0 to 35% solvent B in solvent A in 160minwas delivered at a flow rate of
0.25 μL/min. The eluting peptideswere ionized at 2.5 kV. Themass spec-
trometer was operated in data-dependent mode. The precursor scan
was done in the Orbitrap set to 120′000 resolution, while the fragment
ionsweremass analyzed in the LTQ instrument. The instrumentwas set
to do as many fragmentations as possible within 3 s before returning to
the full-scan mode and initiating another round of fragmentation. All
fractions from each individual glioma biopsy and control sample were
run in technical triplicates.

For protein identification, the MS/MS spectra were searched against
the H. sapiens databank from SwissProt with Proteome Discoverer 2.2
(Thermo Scientific) set to Mascot and Sequest HT search engines with
10 ppm precursor ion tolerance. The fragment ions were set to 0.5 Da
tolerance. The following modifications were used during the search:
carbamidomethyl-cysteine as fixed modification, oxidized methionine,
and protein N-terminal acetylation as variable modifications. The pep-
tide searchmatches were set to 1% false discovery rate. For relative pro-
tein quantification, feature detection with the Minora module (Thermo
Scientific, Reinach, Switzerland)was included into the search algorithm.
The output of the Proteome Discoverer search was further analyzed
with the Perseus software to find regulated proteins in the data set [47].

The generated proteomic gliomadata inventorywas uploaded to the
public PRIDE database repository (project accession number:
PXD014606, https://www.ebi.ac.uk/pride/archive/).

2.3. Primary cell culture and cell surface biotinylation assay

Patient-derived primary cells obtained from glioma biopsies
(BTB152 and BTB251) were maintained and grown in Dulbecco's mod-
ified Eagle's medium/nutrient mixture F-12 (DMEM/F-12) (Sigma-Al-
drich #D8062) supplemented with 10% fetal calf serum (FCS),
100 units/mL streptomycin and penicillin, and 30 mM HEPES at 37 °C
in 5% CO2. Cells were kept in culture for maximally four passages.

To determine the relative fraction of the transferrin receptor (TfR) at
the cell surface in steady-state, primary cells were cultured in 6-well
clusters, starved with serum-free medium, incubated with 20 μg/mL
biotin-labeled transferrin (Tf) (Sigma-Aldrich #T3915) in serum-free
medium for 30 min at 4 °C, extensively washed with ice-cold PBS, har-
vested with lysis buffer (PBS containing 1% Triton X-100, 0.5%
deoxycholate, 2 mM PMSF, and protease inhibitor cocktail), and the
postnuclear supernatant (10′000 ×g for 10 min at 4 °C) was boiled in
SDS sample buffer at 95 °C for 5 min.

To measure EGFR protein levels at the plasma membrane in steady-
state, primary cells prepared in 6-well clusters were cell surface-
biotinylated using 1 mg/mL sulfo-NHS-SS-biotin (ProteoChem
#b2104) in PBS at 4 °C for 30 min. After incubating the cells with
50 mM glycine or NH4Cl in PBS for 5 min to quench free biotin and
three additional washes, the cells were lysed as above and the
postnuclear supernatant was collected. A fraction of the supernatant
was used as loading control for total protein lysate. The postnuclear su-
pernatant was incubated for 1 h at 4 °C with 20 μL streptavidin agarose
beads (Thermo Fisher Scientific #20357). The beads were extensively
washed with ice-cold PBS and boiled as above. Lysates or pull-downs
were analyzed by SDS-gel electrophoresis and immunoblotting as de-
scribed below.

2.4. Gel electrophoresis and immunoblot analysis

Proteins separated by SDS-gel electrophoresis (7.5–12.5% polyacryl-
amide) were transferred to Immobilon-PSQ PVDF membranes (Merck
Millipore). After blocking with 5% non-fat dry milk or bovine serum al-
bumin (BSA) in TBS (50 mM Tris·HCl, pH 7.6, 150 mM NaCl) with 0.1%
Tween-20 (TBST) for 1 h, themembraneswere probedwith primary an-
tibodies in 1% BSA in TBST for 2 h at room temperature or overnight at 4
°C, followed by incubation with HRP-coupled secondary antibodies in
1% BSA in TBST for 1 h at room temperature. Immobilon Western
ChemiluminescentHRP Substrate (MerckMillipore)was used for detec-
tion, a Fusion Vilber Lourmat Imaging System for imaging, and Fiji soft-
ware for quantitation.

For immunoblotting, mouse anti-α-adaptin (BD Biosciences
#610501; 1:5′000), goat anti-α-adaptin (Everest Biotech #EB11875;
1:2′000), anti-β1/2-adaptin (BD Biosciences #610381; 1:5′000),
mouse anti-actin (Merck Millipore #MAB1501; 1:100′000), rabbit
anti-amphiphysin (Abcam #ab52646; 1:1′000), mouse anti-CHC17
(made from TD.1 hybridoma; 1:200), rabbit anti-Dab2 (Abcam
#ab33441; 1:1′000), mouse anti-dynamin-1/2 (Merck Millipore
#MABT188; 1:2′000), rabbit anti-EGFR (Cell Signaling Technology
#4267; 1:2′000), rabbit anti-FCHo2 (Bethyl Laboratories #A304-560A;
1:1′000), mouse anti-HIP1R (BD Biosciences #612118; 1:1′000), rabbit
pan-Akt (Cell Signaling Technology #4685; 1:2′000), rabbit phospho-
Akt (Ser473) (Cell Signaling Technology #4060; 1:2′000), rabbit anti-
EndoA1 (Bio-Rad #AHP2723; 1:5′000), mouse anti-AP180 (Sigma-Al-
drich #A4825; 1:1′000), and mouse anti-TfR (Thermo Fisher Scientific
#13–6890; 1:2′000) antibodies were used.

As secondary antibodies for immunoblotting, HRP-labeled goat anti-
rabbit (Sigma-Aldrich #A0545; 1:10′000), goat anti-mouse (Sigma-Al-
drich #A0168; 1:10′000), and rabbit anti-goat (Sigma-Aldrich
#A8919; 1:5′000) immunoglobulin antibodies were used. To detect bi-
otinylated proteins on blots, streptavidin-HRP (Thermo Fisher Scientific
#434323; 1:10′000) was used.

2.5. Histology

Biopsy samples were formalin-fixed, paraffin-embedded, and
stained with hematoxylin and eosin as performed previously (Bancroft,
John D and Cook, H.C., Manual of histological techniques). Paraffin sec-
tions were photographed with an Olympus slide scanner (Münster,
Germany).

3. Results

3.1. Proteomic analysis of glioma biopsies

Initially, we performed proteomic profiling of eight biopsies from
patients with grade II to IV gliomas. The mutational classification of
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the tumors, the clinical characteristics, tumor grading, details of the sur-
gical resection, and overall survival data are summarized in Supplemen-
tary Tables S1 and S2. As control sample, white matter surgical
specimen from five patients were extracted and pooled. Pooling of indi-
vidual controls is a common technique in proteomic analysis and is used
for levelling out individual variation to obtain a constant basis for statis-
tical analysis [48]. The use of brain tissue fromepileptic patients for con-
trol purposes is common and has been proven to be a reliable strategy
for the comparison with tumor biopsy material [38–46]. In a similar
manner to control, the glioma biopsies were extracted and matched in
protein amount to the control sample. Glioma biopsies and controls
were digested with endoproteinase LysC and trypsin (Fig. 1). To reduce
peptide complexity, the digests were individually separated by reverse-
phase chromatography and collected in six fractions. The individual
fractions were then analyzed by high-resolution mass spectrometry.
After peptide identification, the intensity for every protein occurring
in both control and glioma biopsy was extracted and a library of differ-
entially expressed proteins was established for further analysis [47].

3.2. Endocytic machinery components are downregulated in gliomas

The proteomic inventory of each individual biopsy ranged from 6′
331 to 10′430 proteins (Fig. 2a). By combining the identified proteins
from all biopsies and filtering them for unique protein entries, a total
number of 12′687 brain proteinswere identified, fromwhich4′029 pro-
teins were up- and 1′722 proteins downregulated by at least two-fold
(Fig. 2b; for a compilation of all protein identifications from the individ-
ual biopsies, see also proteomics supplemental dataset S1A-H). Differ-
entially expressed proteins were then summarized into functionally
related classes by first submitting the dataset of proteins either two-
fold up- or downregulated to the functional annotation tools of DAVID
(https://david.ncifcrf.gov) [49]. Redundant gene ontology terms were
removed and clusters of semantically similar gene ontology terms
were obtained by REVIGO (http://revigo.irb.hr) [50] (Fig. 2c, for a com-
pilation of all REVIGO terms, see also Table S3).

From the biological classification of downregulated proteins, we fo-
cused on the very tight semantic cluster VI that, among others, was an-
notated as “clathrin-binding cluster” (Fig. 2c). For the proteins present
in this cluster, the log2-transformed ratio between the individual gli-
oma biopsies and the control was calculated, which revealed a predom-
inant reduction of endocytic machinery components involved in all
stages of CCV and CIE carrier production at the plasma membrane
[20,23], including initiators,main and alternative structural coat constit-
uents, coat-associated kinases, membrane curvature sensors and
benders, and factors involved in scission and uncoating of transport car-
riers (Fig. 2d, see also Table S4).

The key players in CCV production with well-characterized pheno-
types are AP-2, clathrin, and dynamin. With the exception of dynamin
2, which is only marginally expressed in brain tissue compared to
dynamin 1 and 3 [33], all these components showed at least a 2-fold re-
duction in protein amount. Furthermore, the proteomic quantification
was very robust, with a standard deviation of 1–16% of the mean of
the log2-transformed glioma-to-control biopsy ratios (Fig. S2a). The
most strongly affected proteins in our analyses were the endophilins
A1–3 (EndoA1–3). Individual isoforms even displayed a depletion by
up to 100-fold (Fig. 2d). Even though EndoA1–3 have been character-
ized as part of the classical CME machinery, they are now recognized
to also be involved in CIE pathways, in particular the FEME pathway
[34,35]. Since also dynamin protein levels are reduced, on which CME
and several CIE pathways depend, gliomas are likely to be globally im-
paired in endocytosis.

While the vast majority of endocytic machinery proteins was found
to be robustly reduced, several alternative adaptors, including Dab2 and
stonin 1 and 2, as well as the endocytic pioneer FCHo2 were conspicu-
ously upregulated (Fig. 2d). Upregulation of Dab2 or the stonins might
potentially provide an AP-2-independent rescue mechanism to
compensate for the lack of uptake of LDLR or synaptic vesicle compo-
nents, respectively [51,52]. Conversely, FCHo1 and 2 showed opposite
regulation (Fig. 2d), potentially indicating different functionalities.

To validate the proteomic data, we analyzed a few representative
components along the various stages of endocytosis by immunoblotting
(Fig. 3a). First, we tested two subunits of the AP-2 complex, a core com-
ponent in CME initiation and progression. Immunoblotting for the
major, brain-specific α-adaptin (αA) [53] produced signals closely
paralleling our proteomic data, with particularly low expression in
BTB152, 213, and 219 (Fig. 3a). A reduction of β-subunits could also
be observed. However, because the available antibody is not specific
for β2 of AP-2, but also recognizes β1 of the AP-1 complex involved in
intracellular trafficking at the TGN-to-endosome interface [54,55], the
apparent effect is lower. The neuron-specific cargo adaptor AP180 was
prominently depleted from most biopsies as well. In agreement with
our proteomic data, immunoblots further demonstrated a robust reduc-
tion of the clathrin heavy chain (CHC17).

The scission of nascent carriers of CME and most CIE is driven by
dynamin. Probing the glioma homogenates with an antibody against
dynamin 1/2 revealed a strong downregulation, however, with only a
modest decrease in BTB225 and BTB251 (Fig. 3a). EndoA1, which is
also involved in the clathrin-independent FEME pathway, was severely
depleted in all analyzed biopsies (Fig. 3a). Among the endophilins,
EndoA1 is the most abundant and thus likely most relevant endophilin
in brain. Previous studies characterizing the FEME pathway mainly re-
lied on EndoA2 due to the use of non-neuronal HeLa and BSC1 cells
[34,35]. It is interesting to note that downregulation of EndoA1 is asso-
ciated with a number of cancers, such as breast carcinoma [56,57], la-
ryngeal carcinoma [58], lung cancer [59], pituitary adenomas [60], and
urothelial carcinoma [61].

Immunoblots of amphiphysin, HIP1R, FCHo2 and Dab2 closely mir-
rored our proteomics data and showed either downregulation, upregu-
lation, or no regulation at all (Figs. 2d and 3a). In addition, using EGFR as
the prototype RTK, we consistently found higher levels of the receptor
protein in all biopsies compared to normal white matter, regardless of
EGFR copy number, tumor histology, grade, or genetic background
(Fig. S2b). Since the extent of machinery component downregulation
varied among individual glioma biopsies, we raised the question how
variable expression of these proteins is among control matter speci-
mens. Indeed, while individual glioma biopsies were always robustly
depleted compared to control (Figs. 2d, 3a and d), individual control
white matter samples were fairly constant in endocytic protein levels
and only differed ~3% (Fig. S3). In summary, the immunoblot analysis
strongly corroborated our findings by quantitative proteomics and sug-
gested a strong defect of endocytosis in glioma tumors.

3.3. Concerted endocytic machinery downregulation alters receptor
distribution

Our proteomic results showed thatmostmachinery components in-
volved in CME and the FEME pathway are considerably downregulated
in gliomas. Downregulation of these pathways is known to impede effi-
cient receptor internalization [20,62,63], thereby shifting their steady-
state distribution towards the cell surface. To test this experimentally,
we compared the cell surface fraction of the transferrin receptor (TfR)
and EGFR in two primary cell cultures derived from a biopsy with a
comparatively moderate (BTB251) and from another one (BTB152)
with a massive reduction of endocytic machinery components.

Immunoblots confirmed that the two primary cell lines retained the
phenotypes of the respective biopsies with a pronounced depletion of
AP-2, CHC17, EndoA1 and dynamin in BTB152 compared to BTB251
(Fig. 3b). To determine the fraction of TfR at the cell surface in steady-
state, cultured primary cells were incubated with biotin-labeled trans-
ferrin (Tf-biotin) for 30 min at 4 °C, extensively washed, lysed and ana-
lyzed by immunoblot analysis. While both cell lines bound similar
amounts of Tf-biotin, BTB152 showed ~30% reduction of total TfR and
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Fig. 1. Differential proteomics of glioma and control biopsies. Proteins from control and glioma biopsies were extracted and digested with a combination of endoproteinase LysC and
trypsin. The digests from control and glioma biopsies were separated individually by reverse-phase HPLC and pooled into six fractions. Each control and glioma-derived pool was
separately analyzed by high-resolution mass spectrometry and the peptide intensities were compared and quantitated between the control and the respective glioma pool. From the
peptide intensities the protein intensities were calculated and the data were statistically evaluated to find proteins either up- or downregulated in glioma. Proteins whose expression
was significantly up- or downregulated were then functionally categorized by the DAVID software package and further processed with REVIGO into similar semantic classes.
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Fig. 2. Quantitative proteomic analysis reveals a strong reduction of endocytic machinery components. (a) Number of proteins identified from the individual glioma biopsies. (b) The
number of proteins differentially upregulated (red) or downregulated (blue) by at least two-fold from the combined analysis of all glioma biopsies in comparison to the total of all
proteins identified (gray). (c) Clustering of proteins by REVIGO that were upregulated (left) or downregulated (right) in glioma. The color code indicates log10 p-values according to
the color bar. Gene ontology categories in Cluster I: IgG binding, β2-microglobulin binding, TAP binding, death receptor binding, Rho GTPase binding, platelet-derived growth factor binding,
RNA polymerase II transcription factor binding; Cluster II:motor activity, histone deacetylase activity, cysteine/serine/threonine-type endopeptidase activity, ATP-dependent RNA helicase activity,
chitinase activity, single-stranded DNA-dependent ATPase activity; Cluster III: guanine/thymine mispair binding, E-box binding, damaged DNA binding, mRNA 3′-UTR binding, translation elon-
gation factor binding; Cluster IV: histone-lysine N-methyltransferase activity, histone acetyltransferase activity, histone kinase activity, protein kinase C activity, cyclin-dependent protein ser-
ine/threonine kinase activity; Cluster V: transmembrane transporter activity, voltage-gated sodium channel activity involved in cardiac muscle cell action potential, inorganic anion exchanger
activity, hydrogen ion transmembrane transporter activity; cluster VI: neuropeptide hormone activity, neuroligin family protein binding, SH3 domain binding, clathrin binding; cluster VII:
phosphatidylserine binding, calcium-dependent phospholipid binding, calcium ion binding, glycine binding. (d) Proteomic quantification of up- (red) and downregulated (blue) endocyticma-
chinery components by plotting the log2 ratio of the individual endocytic components in glioma biopsies compared to control. Box plots show the median, the minima and maxima, the
median and the first and third quartile, with whiskers representing the range. Full names of proteins can be found in Table S4.
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thus an increase of the surface transferrin receptor fraction of 43 ± 6%.
Considering that BTB251 already displayed a partial loss of AP-2 and
CHC17, this result is in agreement with previous reports showing a
~60–120% increase of the receptor at the cell surface upon inhibition
or depletion of AP-2, clathrin, or dynamin in immortalized cell cultures
[64–68].
In a similar manner, the plasma membrane population of EGFR was
also determined in these cell lines using a cell surface biotinylation ap-
proach. Biotin-labeled EGFR was precipitated using streptavidin beads
and then probed with an anti-EGFR antibody followed by immunoblot
analysis. While the total amount of EGFR in both cell lines was indistin-
guishable, BTB152-derived primary cells had slightly higher steady-



Fig. 3. Downregulation of endocytic machinery components is a common trait of gliomas with different grades and subclasses. (a) Immunoblot analysis of selected endocytic machinery
components. Full names of proteins can be found in Table S4. To detect AP-2, we used an antibody specifically recognizing the brain-specific αA-subunit of AP-2. Asterisks indicate
unspecific cross-reacting proteins. (b) Altered steady-state distribution of TfR between primary cells derived from BTB251 and BTB152 with mild and strong reduction of endocytic
machinery, respectively. Accumulation of TfR at the cell surface in BTB152 is quantitated in percent relative to BTB251 (mean and standard deviation of four independent
experiments). BTB-derived primary cells also displayed a reduction in endocytic machinery components (Dyn 1/2, AP-2 α, CHC17, EndoA1). (c) Altered steady-state distribution of
EGFR. Normalized EGFR surface fraction is quantitated as in (b) (mean and standard deviation of four independent experiments). (d) Key endocytic machinery components (Dyn1/2,
AP-2α, CHC17, EndoA1) are downregulated in various glioma subtypes, GB (classical), GB (mesenchymal), GB (PN), astrocytoma and oligodendroglioma. GB (classical), GB
(mesenchymal), GB (PN) have been selected based on methylomic classifiers [12]; astrocytoma have been selected based on the IDH1/2 mutation status and absence of 1p19q codel;
oligodendroglioma have been selected based on IDH1/2 mutation status and 1p19q codel [1]. Protein levels were quantified and plotted below in percent of the control sample of
white matter mean and standard deviation of n = 8 GB (IDHwt, mesenchymal), n = 8 GB (IDHwt, classical), n = 11 astrocytoma (IDHmut), and n = 6 oligodendroglioma (IDHmut
+ 1p19q codel).
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state levels of EGFR (8 ± 3%) at the plasma membrane than BTB251
cells, indicating a receptor shift towards the cell surface.

3.4. Defective endocytosis is a common trait among various glioma
subclasses

To testwhether downregulation of the endocytosismachinery is not
limited to the eight glioma biopsies analyzed so far, but is also found
among different glioma subclasses, we sampled additional 38 biopsies
belonging to mesenchymal GB, classical GB, astrocytoma, and
oligodendroglioma (see also Tables S5 and S6). Probing immunoblots
of these biopsies with antibodies against dynamin, AP-2, CHC17 and
EndoA1 demonstrated that these proteins were reduced in almost any
instance, however, to different extents (Fig. 3d and e). The strongest de-
pletion of endocytic machinery components was found in classical GB
where all components were depleted to 10% or less of the control de-
rived from non-tumorigenic white matter. Mesenchymal GB and ana-
plastic astrocytoma gliomas as well as oligodendroglioma equally
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displayed a reduction, however, with a more heterogeneous and less
consistent pattern. Irrespective of any genetic background, all glioma
subclasses have in common that they typically display elevated levels
of phospho-Akt473 compared to non-tumor tissue (Fig. S2c). While
endocytic machinery components among glioma subclasses were ro-
bustly and largely depleted, control white matter specimens showed a
constant expression level throughout (Fig. S3).

Towhich extent defective endocytosismight contribute to increased
RTK downstream signaling pathways is hard to be assessed from biopsy
material. In line with previous findings [69–71], lacking RTK endocyto-
sis results in increased activity of intracellular signaling pathways. Fu-
ture studies with suitable model systems where multiple endocytic
machinery components can be depleted simultaneously will allow to
analyze the effect on distinct intracellular signaling pathways in the ab-
sence of additional changes found in tumors.

4. Discussion

In the present study, we have analyzed glioma biopsies of different
grades by quantitative proteomics and uncovered a concerted reduction
ofmultiple endocytic machinery components. By further expanding our
analysis to other subclasses, we found that downregulation of endocy-
tosis is a common trait of gliomas. Abnormal expression of individual
proteins involved in endocytosis has been associated with human can-
cer for quite some time [72,73].

Endocytosis describes the uptake of external material or transmem-
brane cargo by membrane-enclosed transport vesicles or carriers. De-
pending on the characteristics and sorting determinants, cargo is
internalized either by clathrin-dependent or -independent pathways
(CME or CIE) [62,63]. A possible consequence of downregulation of pro-
teins involved in endocytosis is impaired receptor internalization and
hence increased steady-state levels on the surface and, upon growth
factor activation, prolonged residence time at the plasma membrane
leading to sustained RTK signaling and consequently to a selective
growth advantage of tumor cells. The predominantmachinery required
for ligand-induced RTK endocytosis and downregulation is still debated,
with reports showing the need for AP-2/clathrin or distinct CIE path-
ways [19,20,74–76]. An additional layer of complexity is introduced
into this topic by the observation of a novel endophilin-mediated path-
way (FEME) primed for the uptake of activated growth factor-bound
RTKs [34,36]. A feature, however, that CME and some CIE pathways
have in common is the mechanochemical enzyme dynamin to pinch
off membrane-enclosed carriers. In our study, we found that dynamin,
as well as machinery components of CME and CIE, including AP-2,
clathrin, and endophilins, were simultaneously reduced in all mesen-
chymal glioblastomas tested and in many cases of all other glioma sub-
classes. Consistent with previous reports and our findings, depletion of
endocytic machinery components impairs receptor internalization and
thus accumulation at the cell surface. Impairment of endocytosis and
hence prolonged growth factor signaling has been previously reported
tomodulate the activity of RTKdownstreamsignalingpathways, includ-
ing the AKT/PI3K,MAPK and PLC-γ pathway in cell lines [69–71,77–79].
To which extent machinery component downregulation of dynamin-
dependent CME and FEME perpetuates RTK autophosphorylation and
thus activation of intracellular signaling cascades in gliomas remains
to be further analyzed. Altered RTK distribution is most likely not only
the result of CME downregulation, since depletion of AP-2 or clathrin
alonewas not reported to have a prominent effect on EGFR endocytosis
[66].More likely, this is also the effect of inhibition of the FEME pathway
due to the reduction of EndoA1–3 (and the dynamins) (Figs. 2d and 3c),
also in linewith a recent publication byMcMahon and colleagueswhere
a triple knockdown of endophilin proteins prevented efficient RTK up-
take in BSC1 and RPE1 cells [34].

Why are multiple components reduced and what is the mechanism
responsible for concerted downregulation? Due to its fundamentality
and essentiality, the endocytic pathway is most likely a very well
buffered cellular system where depletion of single or a few endocytic
network constituents does not result in severe phenotypes. The picture
becomesmore complex by the observation that, upon inactivation, CME
and CIE crosstalk with each other and that dysfunction of either can
boost compensatory traffic by the other [63,80–82]. Thus, downregula-
tion of multiple proteins involved in CME and CIEmight provide a strat-
egy for glioma to efficiently inhibit RTK downregulation.

Given the fact that no mutation or any other genetic alterations
could be reported in genes encoding downregulated endocytic machin-
ery components in the analyzed gliomas, other mechanisms must ac-
count for the concerted modulation in reduced protein expression.
One or more functional clusters of differentially expressed proteins
that were upregulated among the analyzed glioma biopsy samples
contained RNA/DNA-binding proteins (Fig. 2c and Table S3). Transcrip-
tional repression by epigenetic regulation might provide a mechanism
to simultaneously downregulate the expression of multiple genes. Cur-
rent DNA methylomic analyses on glioma biopsies point towards ex-
pression control via gene methylation and transcriptional repression.
The molecular and systematic characterization of these epigenetic
reprogramming events go beyond the scope of the present report and
will be the topic of future studies. Apart from increasing biopsy sample
number, biopsy-free cell culture systems will be established to mimic
effects of concerted machinery downregulation in vitro.

To the best of our knowledge, this is the first report showing a global
and concerted reduction of multiple endocytic machinery components
in cancer. In this regard, the endocyticmachinery acts as previously sug-
gested as tumor suppressor module inhibiting aberrant growth factor
receptor signaling from the plasma membrane [83,84]. How CME,
FEME andmaybe other non-clathrin internalization pathways are regu-
lated, individually or collectively, in gliomas for impairment of receptor
endocytosis remains to be identified. Other factors commonly associ-
ated with RTK downregulation, such as the E3 ubiquitin protein ligase
Cbl, did not show any clear tendency of regulation in our hands. Inter-
estingly, a recently reported oncogenic factor, GOLM1, involved inmod-
ulating EGFR/RTK cell surface recycling in hepatocellular carcinoma
(HCC) tissues, is upregulated in the biopsies [85] (proteomics supple-
mental datasets S1A-H). Thus, a vast repertoire of other strategic mech-
anisms exists to dictate RTKs' predominant presence at the cell surface
apart from receptor amplification and endocytosis shutdown.

We thus think that reduction of endocytic machinery components
represents one among other strategies to promote tumorgenesis via
RTKs. In addition to revealingdownregulation of endocytic components,
the present study also provides an extensive inventory of proteins that
are quantitatively regulated in glioma. This data repository aswell as fu-
ture data cohorts covering additional subtypes should be useful in the
context of glioma research for finding and exploiting novel treatment
strategies, but also for the understanding of other cancers and carcino-
genesis in general.
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