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Abstract

Glioblastoma multiforme (GBM) is characterized by a remarkable cellular and molecular heterogeneity that make the
behavior of this tumor highly variable and resistant to therapy. In addition, the most serious clinical complication of GBM
and other brain tumors is the development of vasogenic edema which dramatically increase the intracranial pressure. In the
present study we evaluate the expression, supramolecular organization and spatial distribution of AQP4 and AQP4ex, the
new readthrough isoform of AQP4, in relationship with the degree of vasogenic brain edema and tumor progression. To this
purpose, tissue samples from regions of tumor core, peritumoral and non-infiltrated tissues of each GBM patient (n=31)
were analyzed. Immunofluorescence experiments revealed that the expression of AQP4ex was almost absent in tumoral
regions while the canonical AQP4 isoforms appear mostly delocalized. In peritumoral tissues, AQP4 expression was found
altered in those perivascular astrocyte processes where AQP4ex appeared reduced and partially delocalized. Protein expres-
sion levels measured by immunoblot showed that global AQP4 was reduced mainly in the tumor core. Notably, the relative
amount of AQP4ex was more severely reduced starting from the peritumoral region. BN-PAGE experiments showed that the
supramolecular organization of AQP4 is only partially affected in GBM. Edema assessment by magnetic resonance imaging
revealed that the level of AQP4ex downregulation correlated with edema severity. Finally, the degree of BBB alteration,
measured with sodium fluorescein content in GBM biopsies, correlated with the edema index and AQP4ex downregulation.
Altogether these data suggest that the AQP4ex isoform is critical in the triggering event of progressive downregulation and
mislocalization of AQP4 in GBM, which may affect the integrity of the BBB and contributes to accumulation of edema in
the peritumoral tissue. Thus, AQP4ex could be considered as a potential early biomarker of GBM progression.
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Introduction

Glioblastoma multiforme (GBM) is the most common pri-
mary malignant brain tumor in adults and although intense
research has been conducted over the last 25 years, only
modest advances in treatment have occurred. This is prob-
ably due to the fact that GBM is characterized by a remark-
able cellular and molecular heterogeneity not only across but
also within glioblastomas [4] Despite the intense research
conducted to understand the molecular events occurring in
GBM, most studies over the years have focused on the GBM
core tumor area, whereas less is known about the peritu-
moral area, which is often infiltrated by cancer cells. Only
recently have studies focused on the characterization of this
area surrounding GBM that is not enhanced on magnetic
resonance imaging (MRI) and is apparently “normal” under
the microscope white light. Information on this region would
permit better definition of its role in GBM progression and
help search for more specific therapeutic targets.

One frequent and clinically significant complication of
GBM is the development of edema, which dramatically
increases intracranial pressure. Classically, GBM-associated
cerebral edema is vasogenic in nature and it is characterized
by failure of blood-brain barrier (BBB) integrity, resulting
in accumulation of fluid in brain parenchyma and alteration
of the cerebral microenvironment. Fluid accumulation is due
to alteration of tight junction (TJ) proteins of the vascular
endothelium and formation of new vessels that are disorgan-
ized, tortuous and extremely leaky. GBM also causes loss of
astrocyte polarization, but whether and how loss of polarity
is related to disturbance of microvascular TJ is unknown.

Water movement between compartments is determined
by osmotic and hydrostatic pressure gradients and under the
control of aquaporin water channels. The most important
aquaporin expressed in brain parenchyma is aquaporin-4
(AQP4), which is highly expressed in astrocyte perivascu-
lar processes close to the BBB. Due to the great abundance
of AQP4 and since astrocyte processes cover about 99% of
the cerebral vasculature surface, it is conceivable that AQP4
could be involved in edema formation occurring in GBM.

Previous studies report conflicting results in which AQP4
levels increased [29] or decreased [26] in GBM. Further-
more, most GBM studies were not performed on fresh prepa-
ration but using fixed and paraffin included specimens, often
limiting the analysis to immunohistochemistry [37, 45, 48]
and rarely enclosed the internal correct control from less or
unaffected regions from the same biopsy to determine the
basal level of AQP4. Thus, since the expression levels of
AQP4 change considerably between CNS regions [15] and
within the same region between gray and white matter [41]
the importance of performing the analysis in a contiguous
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region from the same biopsy is fundamental for an accurate
evaluation.

AQP4 is expressed as a particular morphological fea-
ture called orthogonal array of particles (OAPs) visible by
FFEM. These structures are aggregates of the tetrameric
unit. AQP4 is expressed in different isoforms: two canoni-
cal M23 and M1 and two extended M23ex and M1ex, which
influence expression, function and assembly in OAPs [5, 17,
34]. The extended isoforms are generated by the transla-
tional readthrough mechanism and are expressed in human,
mouse and rat central nervous system (CNS). AQP4ex con-
tains a C-terminal extension of 29 amino acids from the
canonical stop codon to a downstream more efficient stop
codon [20]. AQP4ex is mainly confined to the perivascular
astrocyte processes. Furthermore, phosphorylation of serine
residues (Ser331 and Ser335) of AQP4ex seems to play an
important role in the short-term regulation of channel gating
and water permeability [6].

To evaluate the functional role of AQP4ex we recently
generated a transgenic mouse model in which AQP4ex was
completely abolished using the CRISPR-Cas9 technique
[30]. AQP4ex-KO mice revealed that AQP4ex is indispen-
sable to anchor AQP4 at the perivascular astrocytic endfoot
membrane domains. Indeed, large OAPs made of M1 and
M23 canonical isoforms, still abundantly expressed in the
AQP4ex mouse, are delocalized and confined at the astro-
cytic processes facing the brain neuropile. More interest-
ingly, AQP4ex is also necessary to generate the NMO-IgG
epitope in mouse [30].

These data led us to suppose that AQP4ex may be
involved in the alteration observed in the GBM. Thus, the
purposes of this study are: (1) to determine differences in
protein expression levels of AQP4 in brain parenchyma
invaded by or surrounding the GBM core; (2) to determine
if AQP4ex is affected and to what extent it is involved in
AQP4 polarization and expression in GBM and (3) to cor-
relate the level of alteration with the amount of vasogenic
edema in GBM.

Materials and methods
Tissue collection and histological characterization

This study was approved by the local institutional review
board (project. n 6898) and conducted in accordance with
the Principles of Ethics for Medical Research Involving
Human Subjects set out in the Declaration of Helsinki and
its subsequent amendments. Demographic, clinical and his-
topathological data were prospectively collected and entered
in the institutional database of brain gliomas. The salient
features of the patient cohort used for this study are reported
in Table 1.
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Table 1 Features of the GBM

patient cohort Patient Age Gender Brainregion Tumor (cm®) Edema (cm®) EI EIl

1 60 M Fronto-parietal 11.89 62.77 6.279226241 >2
2 73 M Temporal 40.6 333 1.820197044 1-2
3 67 M Posterior parietal 67.37 37.57 1.557666617 1-2
4 59 M Frontal 53.08 70.09 2.320459683 >2
5 78 F Temporo-insular 22.63 81.98 4.622624834 >2
6 45 M Parieto-insulo-occipital 171.07 0 1 1

7 68 M Fronto-insular 10.11 164.43 17.26409496 >2
8 61 M Temporo-parietal 104.95 60.49 1.5763697 1-2
9 61 M Frontobasal parasagittal 35.17 65.25 2.855274382 >2
10 55 F Fronto-temporo-insular 67 14 1.208955224 1-2
11 53 M Temporo-frontobasal-frontal  108.02 35.88 1.332160711 1-2
12 67 M Temporo-insular-frontobasal  152.42 70.53 1.462734549 1-2
13 71 F Temporo-parietal 45.65 2.36 1.0516977 1-2
14 53 M Frontal 71.35 92.48 229614576  >2
15 69 M Temporo-occipital 96.98 36.96 1.381109507 1-2
16 63 M Fronto-temporal 52.78 83.32 2.578628268 >2
17 54 M Posterior parietal 23.61 0.39 1.016518424 1-2
18 51 F Temporo-parietal 2.89 0.31 1.107266436 1-2
19 64 F Frontal 16.06 0 1 1

20 75 M Frontal 40.74 126.06 4.094256259 >2
21 72 M Temporo-parietal 17.85 1.44 1.080672269 1-2
22 53 M Temporal 7.8 84.13 11.78589744 >2
23 54 F Temporal 9.38 444 573347548 >2
24 67 M Frontobasal 4.45 8.64 2941573034 >2
25 56 F Fronto-parietal 49.33 1.38 1.027974863 1-2
26 67 M Temporal 55.55 0 1 1

27 61 F Temporo-parietal 62.05 66.92 2.078485093 >2
28 63 F Temporal 37.06 34.12 1.920669185 1-2
29 6 F Temporal 229 31.31 2.367248908 >2
30 64 M Temporal 67.01 105.14 2.569019549 >2
31 60 M Temporal 67.24 79.17 2.177424152 >2

Tissues samples were obtained intraoperatively from
regions of tumoral core (T), defined as zones clearly tumoral
in white light under the microscope and corresponding to
T1-weighted contrast-enhancing region on MRI. We also
collected peritumoral (Pt), and non-infiltrated tissue (N),
defined as zones of brain parenchyma surrounding T, appar-
ently normal under the microscope in white light and in the
absence of contrast enhancement (T)) in three-dimensional
MRI, but respectively contiguous to T and showing hyper-
intense signal in T2-weighted MRI and in fluid-attenuated
inversion recovery (FLAIR) [18] and non-contiguous to T,
out of T2-weighted hyperintensity. We advocate suprato-
tal glioma resection of non-functional brain parenchyma
surrounding tumoral areas, in an effort to maximize tumor
resection and increase patient survival [3, 32]. Each tissue
sample was examined histopathologically to confirm gross
tumor infiltration, peritumoral infiltration or absence of
tumoral infiltration.

Tissues were fresh frozen in isopentane cooled in liquid
nitrogen for 20 min after tumor resection and then stored in
liquid nitrogen. Cryosections of 8 pm thickness were cut on
a cryostat (CM 1900; Leica, Wetzlar, Germany) at —20 °C
and immediately used to perform hematoxylin—eosin (H&E)
staining, in order to evaluate the histological features of each
tissue. By using Papanicolaou Harris’ hematoxylin solution
(Carlo Erba, Italy), nuclei were stained in blue, and after
washing, eosin (Carlo Erba, Italy) solution was used to stain
cytoplasmic proteins in pink, and finally washed. Then, cry-
osections were de-hydrated in graded ethanol, fixed with
xylene solution (PanReach Applichem, Darmstadt, Ger-
many), and mounted with Canada Balsam (Millipore, Burl-
ington, Massachusetts, USA). Sections were then observed
under a LEICA EL6000 microscope, with a 20x/0.55 HC
PL FLUOTAR objective.
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Magnetic resonance imaging (MRI) and edema
index calculation

All images were acquired on a 1.5 Tesla MRI scanner using
a standard coil. The volumes of high-grade gliomas and the
volumes of surrounding edema were quantified on MRI
imaging by an expert neuroradiologist (DSZ with 13 years
of experience).

The image datasets used consisted of (1) T1-weighted,
contrast-enhanced (gadolinium) (Tlc) images with
3D acquisition and isotropic voxel sizes of 1 mm for all
patients. (2) FLAIR images with 3D acquisition and iso-
tropic voxel sizes of 1 mm for most patients or, alternatively,
T2-weighted images with 2D axial acquisitions and thick-
ness of 5 mm. Tlc were used for tumor segmentation, while
FLAIR/T2 sequences (highlighting differences in tissue
water content) were chosen to better define edema and, if
present, a tumor component lacking enhancement.

Tumor and edema volumes were calculated using three-
dimensional (3D) Slicer Software (Release 4.10.2). Tlc
images were spatially aligned and co-registered to FLAIR/
T2 weighted images. Then an interactive segmentation
algorithm was adopted. Enhanced solid portions of tumors
and necrotic nuclei were initially delineated "slice by slice"
on Tlc images using the “3D Slicer Level Tracing” tool,;
in a second phase manual corrections were made with the
“Paint” and “Erase” tools. The edema was manually deline-
ated "slice by slice" with the “Paint” and “Erase” tools; the
same method was used to segment the tumor core without
enhancement when it was present. At the end of the process,
the solid portions with and without enhancement and the
necrotic nucleus of the tumor were considered together as
"overall tumor nucleus" as opposed to "edema".

To quantitatively evaluate the degree of brain edema in
GBM patients the edema index parameter (EI) was calcu-
lated as tumor volume +edema volume/tumor volume [16,
26].

Antibodies

For the immunoblot and for immunofluorescence experi-
ments the following primary antibodies were used: rabbit
anti-human AQP4ex [6] used at a concentration of 0.3 pg/
mL, custom rabbit anti-AQP4 were generated using the
c-terminus sequence as previously described [10] (GenScript
Biotech, Piscataway, NJ, USA) used at a concentration of
0.13 pg/mL for immunoblot and at 0.4 pg/mL for immuno-
fluorescence. The secondary antibody used for immunoblot-
ting experiments was anti-rabbit [gG-HRP (Bio-Rad Cat#
172-1019, RRID:AB_11125143) and for immunofluores-
cence AlexaFluor 488 anti-rabbit was used at a concentration
of 1 pg/mL (Life Technologies, Thermo Fisher Scientific
Cat# A-11034, RRID:AB_2576217).
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Sample preparation for SDS-PAGE and BN-PAGE

Tissues were dissolved in seven volumes of BN buffer (1%
Triton X-100, 12 mM NaCl, 500 mM 6-aminohexanoic acid,
20 mM Bis—Tris, pH 7.0, 2 mM EDTA, 10% glycerol) added
with protease inhibitor cocktail EDTA-free (Roche, Basel,
Switzerland). After tissue lysis on ice for 1 h, samples were
centrifuged at 17,000xg for 30 min at 4 °C, and then the
supernatants were collected to evaluate total protein con-
tent by using a BCA Protein Assay Kit (Thermo Scientific,
Waltham, Massachusetts). BN-PAGE experiments were
performed as previously described [24]. Briefly, 40 pg of
protein sample was mixed with 2 pL of loading buffer (5%
of Coomassie Blue G-250, 750 mM aminocaproic acid) and
10% glycerol by volume and then loaded onto polyacryla-
mide native gradient gel (3-9%). Anode buffer (25 mM
imidazole pH 7.0) and blue cathode buffer (50 mM tricine,
7.5 mM imidazole, 0.02% Coomassie Blue G-250) were
used as running buffers and the electrophoresis was per-
formed at 6 mA at 4 °C. After the line of Coomassie Blue
G-250 dye reached half of the gel, blue cathode buffer was
substituted by cathode buffer (50 mM tricine, 7.5 mM imi-
dazole). At the end of gel running, proteins were transferred
to PVDF membranes (Millipore, Burlington, Massachusetts,
USA) for immunoblot analysis, as described below.

As previously described [30], for SDS-PAGE experi-
ments 20 pg of homogenates was dissolved in Laemmli sam-
ple buffer 2x (Bio-Rad, California, USA) added with 50 mM
dithiothreitol (DTT) and, after denaturation, loaded onto a
13% polyacrylamide gel; TGS (Trizma, glycine and SDS)
was used as running buffer. After electrophoresis, proteins
on gel were transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Burlington, Massachusetts, USA) for
immunoblotting. Transfer was verified with staining of the
membrane with Rouge Ponceaux.

Immunoblotting

PVDF membranes were incubated with primary antibod-
ies prepared in 5% non-fat milk, washed, and incubated
with peroxidase-conjugated secondary antibody. Reactive
proteins were revealed using an enhanced chemilumines-
cent detection system (Clarity Western ECL Substrate,
Bio-Rad, California, USA) and visualized on a Chemidoc
Touch imaging system (Bio-Rad, California, USA). Densi-
tometry analysis was performed using Image Lab (Bio-Rad
California, USA), and the relative expression of proteins
was normalized with Rouge Ponceaux staining. AQP4 and
AQP4ex expression of PT and T tissues was represented as
the percentage change from N control tissues, set on 100%.
Moreover, the relative percentage of Mlex and M23ex was
calculated in each tissue in order to study the ratio between
extended isoforms. Finally, the percentage of M23ex relative
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to global AQP4 (M23ex + M1 + M23) was calculated in each
tissue.

Immunofluorescence

Immunofluorescence experiments were performed as previ-
ously described [30]. Briefly, 8 pm cryosections, collected
on SuperFrost Plus adhesion slides (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA), were re-hydrated in
PBS for 10 min, fixed in 4% PFA solution for 10 min and
then blocked with PBS-Gelatin 0.1% for 15 min at room
temperature. Cryosections were incubated with primary anti-
bodies in PBS-Gelatin 0.1% for 1 h at room temperature,
washed for 15 min and then incubated with secondary anti-
bodies prepared in the blocking solution in the dark for 1 h
at room temperature. Finally, the sections were washed for
15 min in PBS and mounted with Mowiol (Sigma-Aldrich)
added with DAPI (4',6-diamidino-2-phenylindole, Life
Technologies, Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA). The images were finally obtained under
an SP8 confocal automated inverted Lightning microscope
(Leica TCS) using 20x/0.55 HC PL FLUOTAR objectives
or with a 63X HC PL Apo oil CS2 objective.

Evaluation of sodium fluorescein concentration
in GBM biopsies

Sodium fluorescein (SF) (Monico Spa, Italy) is a fluores-
cent dye, largely used for the guide-resection of high-grade
gliomas [7, 31]. SF solution (200 mg/mL) was used to build
a calibration curve useful for determining the concentra-
tion (pg/mL) of fluorophore in biopsies. Fluorescence was
measured by an automatic microplate reader (FLEX Station,
Molecular Devices) both in GBM samples SF-labeled and
in non-fluorescent samples as negative controls. 40 pL of
each sample was placed in 96-well black walls-clear bottom
microplates (Corning, NY, USA) and the fluorescence was
acquired by using SoftMax Pro software.

Statistical analysis

All immunoblot data are reported as a violin plot with the
median; data about SF concentration are represented as a
scatter plot with the median. Statistical analysis was per-
formed using GraphPad Prism (GraphPad, San Diego,
CA, USA). Data distribution was analyzed using the Sha-
piro—Wilk test: on parametric data the analysis of variance
(one-way ANOVA) followed by Tukey’s post-test was per-
formed, while on non-parametric ones one-way ANOVA
on ranks (Kruskal-Wallis test) followed by Dunn’s multiple
comparisons test was performed. p value <0.05 was consid-
ered statistically significant.

Results

AQP4 localization is affected in histologically
characterized GBM samples

Histopathological characterization of biopsies by hema-
toxylin—eosin staining showed extreme heterogeneity of
GBM-infiltrated tissue, (Fig. 1). The tissue material deriv-
ing for each biopsy was then evaluated and classified in
non-infiltrated (N), peritumoral or invasion front (Pt)
additionally classified in peritumoral 1 (Pt 1) and peritu-
moral 2 (Pt 2) and tumor core (T) (Fig. 1, top). N showed
vessels with normal endothelial pathway, low cellularity
with small and regular cellular elements and absence of
necrosis (Fig. 1a). T was characterized by high cellular
density lacking an architectural design, with areas of
necrosis, hemorrhagic foci and a high number of vessels,
of irregular shape and larger size. These vessels did not
show a linear aspect but appeared distributed in an uneven
and messy way (Fig. 1d). Pt samples were characterized
by neoplastic areas and nearby healthy brain parenchyma,
thus presenting intermediate features between N and T.
In particular, Ptl was the region having similar histologi-
cal characteristics to unaffected tissue (low cellularity).
Blood vessels appeared generally normal with few slightly
altered vessels in some areas of this region (Fig. 1b). Pt2
was characterized by a transitional zone, containing a
migration front of neoplastic cells invading healthy brain
parenchyma (Fig. 1c). These findings suggest that the peri-
tumoral tissue shows signs of reorganization and transfor-
mation. Given the great heterogeneity of the preparations,
the peritumoral tissue was defined as a tissue that had at
least 40-50% of clearly distinguishable tumor tissue com-
pared to a macroscopically non-infiltrated tissue.

It has been amply demonstrated that AQP4 is localized
at the astrocyte perivascular end-foot membrane [11, 27].
Furthermore, recent data show a crucial role of AQP4ex
for the correct localization of the canonical AQP4 iso-
forms at the BBB domain [30]. Literature also reports
that AQP4 is affected in GBM condition [46]. To mor-
phologically evaluate localization of AQP4 and AQP4ex
in tissue samples, immunofluorescence experiments
were performed (Fig. 1, middle-bottom). Expression of
AQP4ex in T samples was almost absent in perivascu-
lar and non-perivascular astrocytes processes (Fig. 11),
while the canonical AQP4 isoforms appeared absent at
the perivascular pole and mostly delocalized in the astro-
cyte processes away from brain microvasculature (Fig. 1h).
Most interesting was the analysis of Pt samples (Fig. 1,
PT1-2). In Pt1 region, brain capillaries showed some ves-
sels with partially delocalized AQP4ex staining (Fig. 1j)
together with a moderate and partially delocalized staining

@ Springer
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N ' ~Pt1

H&E

AQP4

AQP4ex

Fig.1 AQP4 localization in histologically defined GBM samples.
a—d Hematoxylin—eosin (H&E) staining of non-infiltrated tissue (N)
peritumoral (Pt 1-2) and tumoral tissues (T): a cryosection of typi-
cal non-infiltrated tissue displays low cellularity, normal nuclei (blue
arrowhead) and normal vessels (white arrowhead),characterized by
small lumen and regular endothelia. Pt (b, ¢) is characterized by dif-
ferent areas that underline the intermediate characteristics of this tis-
sue; Ptl (b) shows normal vessels (white arrowhead), low cellularity
and normal nuclei (blue arrowhead) comparable to unaffected tissue.
However, few vessels (black arrow) display altered shape, underling
some particular features of GBM progression. In the Pt2 region (c)
near the tumor note an area with low cellularity (blue arrowhead) in
which the tumor migration front is observable. e-1 Immunofluores-
cence localization of AQP4 and AQP4ex in non-infiltrated tissue (N)

of AQP4 canonical isoforms (Fig. 1f). Staining of AQP4
was increased in the neuropile astrocyte processes. Fur-
thermore, in transitional regions of Pt2, AQP4ex (Fig. 1k)
and AQP4 (Fig. 1g) staining appeared to be disposed in a
radial pattern surrounding the vessels indicating a marked
and localized redistribution of AQP4.

@ Springer

peritumoral (PT 1-2) and tumoral tissues. Note the perivascular stain-
ing of AQP4 and AQP4ex in N (arrowheads and insets), while the
perivascular AQP4ex staining is absent in T (I, arrow) and AQP4 is
redistributed on the whole parenchyma (h). Cell nuclei were stained
with DAPI (in blue). The red line in T indicates the border between
the necrotic area (na) and the non-necrotic area of the tumor region.
High cellularity of tissue is confirmed by numerous nuclei stained
with DAPI (blue). Pt shows perivascular staining of AQP4 and
AQP4ex (arrowheads) in non-infiltrated areas (Ptl) with few capillar-
ies showing a slight peripheral staining around vessels (arrows) more
visible at higher magnification (inset). Nearly complete redistributed
staining of AQP4 is observed in the infiltrated Pt2 area (see inset).
Scale bar 100 pum, inset 20 um

AQP4 protein expression is reduced in GBM biopsies

To investigate protein expression levels of AQP4 accord-
ing to degree of tumoral infiltration, immunoblot experi-
ments were performed on histologically classified portions
of each type of tissue samples. Immunoblot was performed
using AQP4 global antibody and AQP4ex specific antibody
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Fig.2 Immunoblot analysis a N Pt T
of AQP4 and AQP4ex levels

in GBM biopsies. a Left:
Rouge Ponceaux staining of
total proteins of N, Ptand T
samples transferred on PVDF
membranes after SDS-PAGE.
Right: immunodetection of the
four AQP4 isoforms of 30 kDa
(M23), 32 kDa (M1), 35 kDa
(M23ex) and 37 kDa (M1ex)
revealed with global AQP4
(top) and AQP4ex specific
antibodies (bottom); b violin
plots showing data distribu-
tion and the continuous black
line represents the median fold
change in the expression of
AQP4 (left) and AQP4ex (right)
expression in Pt and T tissues,
compared to N samples (dotted
blue line) seats at 100%. Green
and red dotted lines represent
the upper and lower quartile

in each distribution (*p <0.05,
Kruskal-Wallis—Dunn's multi-
ple comparisons test)
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(Fig. 2). Densitometry analysis revealed that the over-
all quantity of AQP4 was not substantially modified in Pt
compared to N regions, although a moderate increase was
observed. On the contrary, the total amount of AQP4 was
slightly but significantly reduced in T areas compared to
Pt and N regions. Notably, the relative amount of AQP4ex
compared to total AQP4 levels was more severely reduced
in T samples. This suggests that the AQP4ex isoform could
be an initial factor that determines overall AQP4 reduction.

To elucidate this aspect, AQP4ex levels were evaluated in
association with the total levels of AQP4. AQP4ex protein
levels were highly variable in N samples of different biopsies
(range 2—-10%), probably in relation to the highly regulated
role of this isoform in water transport [6]. Importantly, the
amount of AQP4ex compared to the total amount of AQP4
were reduced significantly already Pt regions and became
very low in T regions (see Fig. 3). Densitometry analysis of
the two AQP4ex isoforms (M23ex and M1ex) in N regions
showed a ratio of 19:1 very different to that found (3:1) for
the canonical isoforms (M23 and M1), indicating a different
translation mechanism of mRNA for the two extended iso-
forms. Interestingly, reduced expression of AQP4ex (mainly
due to M23ex) is coupled to an increase of the M1ex isoform

and consequently the M23ex/Mlex ratio is reduced to
approximately 13:1. Conversely, no changes were observed
in the canonical isoform ratio as the M1 content emerged
unaltered. These data suggest that the increase of the M1lex
content may contribute to the instability of AQP4ex at the
perivascular pole and to its downregulation.

Edema index underlines the role of AQP4ex in GBM

Expression levels of AQP4 were correlated with the edema
index (EI), a parameter previously used to evaluate the extent
of edema correlated to tumor volume [16, 23, 26]. Three dif-
ferent EI categories were established based on the evaluation
(see methods) of MRI images (Fig. 4): EI=1 (no edema);
El=1<EI<2 (moderate edema) EI > 2 (severe edema). The
large majority (about 90%) of our GBM cases showed mod-
erate or severe edema (Fig. 5), with only few cases having
no edema (EI=1). The proportion between the two edema
categories was approximately the same.

These data confirm the predominance of peritumoral
brain edema in GBM and suggest an involvement of AQP4
in the brain edema occurring in GBM patients.
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Fig.3 AQP4 isoform content in GBM samples control (N), peri-
tumoral (Pt) and tumoral (T) regions. a Violin plots reporting data
distribution of the M23ex isoform amount relative to the total AQP4
content measured by immunoblotting. b Plots reporting Mlex iso-
form (37 KDa) content relative to the total AQP4ex measured by

immunoblotting using anti-AQP4ex antibody. ¢ M1 expression levels.
Blue, green and red dotted lines represent the upper and lower quar-
tile in each distribution. a ANOVA-one way, Tukey's multiple com-
parisons test, *p <0.05, ***p <0.0001. b, ¢ Kruskal-Wallis, post-test:
Dunn's multiple comparisons test, *p <0.05

Fig.4 MRI of GBM biopsies for each edema index (EI) category. In
the first row a glioma with EI approximately = 1; in the second row a
glioma with EI>2; in the third row a glioma with 1 <EI<2. In a, f,
k T1 with gadolinium sequence. In b, g and 1 tumor volume was seg-

To evaluate the possible contribution of altered expres-
sion levels of AQP4 in peritumoral edema formation, pro-
tein levels were assessed in association with EI categories.
Immunoblot analysis (Fig. 5) revealed a strong reduction of
AQP4ex in both the moderate and severe edema categories,
while the level of total AQP4 were reduced only in EI>2.

@ Springer

mented in green. In ¢, h and m FLAIR sequences, co-registered with
T1 with gadolinium. In d, i and n edema volume was segmented in
yellow. In e, j and o tumor and edema volume segmentation is repre-
sented on a T1 with gadolinium acquisition

Notwithstanding the limited number of GBMs associated
with the EI=1 category, expression of total AQP4 and
AQP4ex appeared not to be substantially affected compared
to the control. Furthermore, differently to AQP4, protein
content of AQP4ex appeared strongly reduced in Pt region
of GBMs with moderate edema and a similar trend (although
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Fig.5 Expression of AQP4 and AQP4ex in correlation with the
edema index (EI). Top: violin plots reporting AQP4 expression levels
in the GBM regions (Pt and T) of each EI category compared to N
samples (dotted blue line) seats at 100%. Bottom: relative amount of

non-statistically significant) was observed in GBM with
severe edema. Since, AQP4 was not altered in both Pt and
T regions of GBMs with moderate edema, while AQP4ex
was downregulated in both regions, we can conclude that
AQP4ex is primarily involved in edema formation in GBM.
This finding is also supported by a strong AQP4ex reduction
observed in GBMs with severe edema.

Downregulation was not found to be correlated with
tumor location (see supplementary Fig. 1).

Supramolecular organization of AQP4 is partially
affected in GBM

It is widely documented that supramolecular organization
of AQP4 in OAPs is central for the correct localization of
AQP4 at the perivascular pole. To evaluate AQP4 supra-
molecular organization in OAPs we performed BN-PAGE
experiments, a biochemical technique largely used to evalu-
ate the plasma membrane composition and number of the
different AQP4 pools [24, 36]. Figure 6 shows the expression
levels and aggregation state of AQP4, evaluated by immu-
noblot, of a representative GBM for each EI group using the
three different tumor regions. Moderate changes in AQP4
pools abundance were observed with tumor progression.
In particular, two AQP4 pools (red box for pool number 3,
blue box for pool 4) were often slightly affected in GMB
biopsies as their abundance reduced progressively starting in
peritumoral region. This specific reduction of AQP4 pools,
occurring in the edema associated GBM, indicates a selec-
tive alteration of AQP4 plasma membrane supramolecular
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the M23ex isoform to the global AQP4 expression in the same GBM
samples. Blue, green and red dotted lines represent the upper and
lower quartile in each distribution. *p <0.05, **p <0.001: Kruskal-
Wallis, post test: Dunn's multiple comparisons test

organization. Interestingly, reduction in specific AQP4 pools
correlated with the increase in EI values.

These results in line with the findings of SDS-PAGE
experiments shown above, indicate that the observed
alteration in AQP4 pool composition, as a consequence of
AQP4ex strong downregulation, determine down regulation
of AQP4 and delocalization of AQP4 from the perivascu-
lar pole to the brain parenchyma occurring during tumor
development.

BBB integrity is strongly altered in GMB

Sodium fluorescein (SF) is a fluorescent dye largely
employed to evaluate intraoperatively the spread of tumor
cells guiding surgical resection of high-grade gliomas [1, 7,
21] (see Fig. 7a, b). To investigate the extent of BBB altera-
tion, we assessed the amount of SF in T, Pt and N regions of
GBMs and also compared to non-treated samples (Fig. 7).
Although a consistent variability of dye accumulation was
found among T region samples, indicative of heterogeneity
of tissue accumulation of SF in GBMs, SF content analysis
showed a significant difference between tumor-infiltrated
and unaffected tissue, indicating a leakage of BBB in T
regions, resulting in dye extravasation and accumulation
in brain parenchyma. Importantly SF levels in Pt regions
also showed a statistically significant increase compared to
N regions indicating a BBB alteration already occurring at
this level. Additionally, in one diffuse astrocytoma and in
one ependymoma SF intensity was very low suggesting no
alteration of BBB. Of note, SF levels in unaffected regions
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were similar to SF levels in fluorescein-free N regions sam-
ples, indicating no extravasation of the dye in unaffected tis-
sue or non-specific binding of the dye to brain parenchyma
confirming the usefulness of SF in surgical resection (see
supplementary Fig. 2).

Discussion

One of the characteristics of GBM is its great invasiveness
of the surrounding nervous tissue. However, studies con-
ducted at the cellular and molecular levels suggest that GBM
displays a pronounced biological and genetic heterogene-
ity between different tumors and within the same tumor,
which makes the behavior of this tumor highly variable and
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resistant to therapy [43]. Thus, to identify factors involved in
tumor aggressiveness and progression, it could be informa-
tive to consider variation of molecular expression according
to different density in tumoral cells. In the present study we
evaluated the difference of expression and spatial distribu-
tion of AQP4 in grossly tumoral, peritumoral or non-tumoral
brain regions. In particular, the analysis of peritumoral
regions proved to be highly informative for the present study.

AQP4 expression is down regulated in tumoral
tissue samples

Our data demonstrate that the levels of total AQP4 are
substantially reduced in the tumoral core compared to Pt
regions. The most striking difference was observed for
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Fig.7 Use of SF in GBM a
resection and BBB integrity
evaluation. a Intraoperative
video frame picture during the
surgical removal of the tumor
(GMB grade IV WHO) after
injection of SF and after the
resection (b). Note the intense
fluorescence in a and a residual
fluorescence in the peritumoral
tissue. On top right a projec-
tion of MRI obtained using
intraoperative neuronaviga-
tion 3D reconstruction. ¢ SF
concentration measured in N,
Pt and T samples of GBM and
two low grade tumor tissues
(OBT), namely astrocytoma and
ependymoma (right to vertical
dotted line). ***p <0.0001;
Kruskal-Wallis; Dunn’s multi-
ple comparisons test

AQP4ex protein levels, which were drastically reduced in T
regions. Since AQP4ex is necessary to anchor AQP4 at the
perivascular pole, as demonstrated in AQP4ex-KO mice, and
having observed a correlation between the levels of AQP4ex
alteration and the degree of AQP4 delocalization and reduc-
tion we could conclude that the strong reduction in AQP4ex
causes the redistribution of AQP4 found in GBM.

At least two factors could be involved in AQP4 alteration
in GBM: the tumor microenvironment and the extracellular
matrix. Decreased expression of AQP4 in T regions could be
related to the particular tumor microenvironment [9] where
low tumoral tissue oxygenation (hypoxia) promotes the
spread of cancer cell spreading into healthy brain tissue in
order to escape the hostile environment. Hypoxia condition
is due to an increased tumor cells proliferation that, together
with tumor neoangiogenesis, characterized by proliferation
of vessels lacking pericyte coverage and containing thicker
basement membrane, determine inadequate intratumoral
oxygenation. Several studies have reported that acute and
chronic hypoxia influence AQP4 protein expression in both
pathological [19] and physiological situations [8]. One of
the major regulators of the adaptive response of hypoxia
are the HIF transcription factors, which regulate a multitude
of genes involved in many different physiological processes
[38]. Interestingly, previous studies showed that AQP4 could
be a hypoxia responsive gene through HIF-1alpha [33]. In
particular, cultured astrocytes exposed to hypoxia conditions
gradually decrease AQP4 protein expression [47]. Thus,
hypoxia may be considered a triggering factor for AQP4

*kk%*

SF concentration (pg/ml)
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u

downregulation in astrocyte endfeet in GBM. It remains
to be elucidated through which mechanism AQP4 is down
regulated in hypoxia and how and to what extent AQP4ex
is involved.

The extracellular matrix and in particular its component
agrin, has been shown to be an important factor for AQP4
perivascular localization [46]. Since degradation and remod-
eling of the extracellular matrix are essential processes for
cancer cell invasion and involve degradation of agrin, it is
conceivable that AQP4 localization and expression is con-
sequently affected. However, the absence of agrin could
contribute but is unlikely to be the principal cause of AQP4
alteration since the hypoxic effect in astrocyte primary cul-
ture could be found without the contribution of agrin.

Finally, other astrocyte proteins could be involved in
AQP4 protein downregulation such as those of the dystro-
phin glycoprotein complex which have been shown to be
necessary for AQP4 expression at the perivascular pole [2,
12, 13, 25]. In particular dystrophin (DP71 isoform) as well
as a-syntrophin, which are both required to anchor AQP4 at
the vascular pole, may also be affected in GBM.

AQP4 aggregation state is slightly altered in GBM

AQP4 is expressed in perivascular astrocyte processes in
extremely large OAPs. Previous freeze-fracture studies
report that the OAP density in GBM is very low [29], similar
to that found in mouse or rat brain parenchyma away from
the perivascular astrocyte endfoot [35] indicative of the fact
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that AQP4 could be dissociated from the OAPs and redis-
tributed across the entire surface of the cells. Our BN-PAGE
data show that the supramolecular organization of AQP4 is
only partially affected in GBM. Indeed, although the number
of AQP4 pools (i.e., OAPs) is mainly retained in T regions,
the fine composition of some AQP4 supramolecular arrange-
ments is altered. Mainly two AQP4 pools appeared to be
quantitatively reduced compared to N regions. A similar
situation occurs in AQP4ex-KO mice, in which the absence
of AQP4ex alters AQP4 pool size and results in AQP4 delo-
calization [30]. This suggests that alteration of AQP4ex in
GBM modifies the fine composition of AQP4 pools which
affect both expression and polarization of AQP4. Thus,
although limited to the AQP4 pools detected with the BN-
PAGE, we can conclude that the capacity of AQP4 to aggre-
gate is not grossly impacted and is not related to tumor pro-
gression. This contrasts with previously published findings
using FFEM to evaluate OAPs distribution in GBM [46].
However, it should be considered that BN-PAGE data are
not easily comparable with those from electron microscopy.
Considering that the biochemical technique allows large tis-
sue regions to be analyzed, which in turn allows a more com-
plete view of the tissue under examination, whereas FFEM
only allows very limited areas to be analyzed in detail. Thus,
it is possible that regional differences in AQP4 aggregation
could have been missed with the BN-PAGE analysis.

Quantitative analysis of AQP4ex in N regions of GBM
samples indicate that AQP4ex protein expression levels in
human brain are highly variable (between 2 and 10% of
the total AQP4). Although, AQP4ex expression is low, its
alteration determines a strong downregulation in the total
amount of AQP4, indicating that AQP4ex is interacting with
the canonical isoforms to spatially confine large amount of
AQP4 at the perivascular astrocyte processes, in agreement
with data obtained from studies performed in mice and rats
[30].

Our immunofluorescence data show increased AQP4
staining of GBM infiltrated brain parenchyma, in which
glioma cells reside. Considering that AQP4 expression is
low or absent in glioma primary cell cultures [22, 28, 42],
residual staining of AQP4 observed in the tumor core is
most likely not associated to glioma cells but instead to the
delocalization of AQP4 in astrocyte processes not coupled
to blood vessels. Although a more detailed analysis is nec-
essary, our results suggest that glioma cells in tumor tissue
are likely not to express high levels of AQP4. In support of
this conclusion, it should be considered that AQP4-OAPs
are not compatible with migration of glioma cells and their
survival [39]. However, it should be considered that studies
on AQP4 migration and polarization were performed using
cells transfected with the canonical isoforms [40], which
should be revisited in the light of the role of AQP4ex in
AQP4 aggregation and polarization in vivo.
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AQP4 downregulation in GBM progression
is associated with vasogenic edema

It has been reported that BBB integrity is affected in GBM
and this causes vasogenic edema [46]. Indeed, GBM is often
associated with peritumoral brain edema, which results in
increased intracranial pressure that may cause ischemia,
herniation and eventually death. Based on capability of
fluorescein to cross the leaky BBB in GBM this fluores-
cent molecule is often used for intraoperative identification
of infiltrated tissue. Our results show that the T regions of
the GBMs display an extremely high concentration of fluo-
rescein, indicative of a robust dye extravasation and thus
of intense BBB damage. Interestingly, fluorescein levels in
Pt regions were also significantly increased compared to
N regions but less compared to T regions, indicating the
presence of peritumoral edema. All these data suggest that
the major contributions in edema formation derive from the
leaky vessels located in T and Pt regions and that fluid accu-
mulates in these regions and propagates in the surrounding
brain parenchyma.

Our data further support the conclusion that AQP4 altera-
tion in GBMs may be an additional factor contributing to
edema formation. This is confirmed by several of our find-
ings: (1) the level of AQP4 alteration correlates with the
El, since AQP4 and AQP4ex are both highly downregulated
in EI>2; (2) AQP4ex is also downregulated in Pt regions
with 1> EI>2; and (3) where no edema is present (EI=1)
AQP4 appears not to be altered. The reduction of AQP4ex
in Pt regions with moderate edema suggests that AQP4ex
could be the triggering event of progressive downregulation
of AQP4 in the GBMs. Indeed, since AQP4ex is necessary
to anchor AQP4 at the perivascular pole, its alteration could
destabilize AQP4 at the BBB level and initiate the degra-
dation process of mixed complexes of AQP4ex—AQP4 that
normally reside at the BBB level. Hence, tumor development
generates a process that also affects AQP4ex expression at
the BBB. For instance, the interaction with the cytoskeletal
elements (i.e. a-syntrophin) or basal membrane components
(i.e. agrin) could be disturbed, resulting in the instability of
the perivascular aggregation state of AQP4 as reported ear-
lier [44] and probably together with other proteins to influ-
ence the ability of astrocytes to contribute to maintaining the
integrity of the BBB [46].

An important question is related to the consequences of
the reduction of AQP4 protein in relationships to peritu-
moral edema in GBM. Is the reduction and the concomitant
relocation of AQP4 a negative effect that causes or incre-
ment the edema formation? Or is it a way to resolve the
vasogenic edema that constantly occurs in GBM? Expres-
sion analysis show that AQP4 downregulation in T regions is
not accompanied by a parallel reduction in Pt regions. Only
levels of AQP4ex weighted to total AQP4 were found to
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be significantly affected. Importantly, this reduction is also
complemented by an increase of the M1ex expression which,
taking into account the demonstrated negative effect of M1
in OAP formation, should further destabilize the polariza-
tion of AQP4. IF data confirm a strong increase in AQP4 in
parenchymal membranes, which are normally immuno-nega-
tive or weakly positive. Reduced vascular-related polarity of
AQP4 implies the presence of water channels in physiologi-
cally unsuitable membrane domains. BBB breakdown with
influx of water into the brain parenchyma will result in the
incapability of the astrocytes to direct the release of water
out of the interstitial space into the vascular space where
AQP4 is no longer present. In this phenomenon AQP4ex
assumes a strategic importance and proves the physiologi-
cal importance of the readthrough isoform in the correct
anchoring of AQP4, as well its involvement in GBM and in
many other pathological situations in which AQP4 polariza-
tion is lost.

We can conclude that AQP4ex plays a key role in the
human brain in the anchoring of the canonical isoforms to
the perivascular pole. Therefore, the reduction in AQP4ex,
leading to reduction and delocalization of AQP4, and to a
subtle alteration of AQP4 membrane organization is likely
to undermine the integrity of the BBB. Thus, the barrier
losing its normal microenvironment conformation may be
involved in the accumulation of edema in the peritumoral
tissue. Finally, AQP4ex could be considered as a potential
new early biomarker of GBM progression and a target for
AQP4 modulation [14].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-021-04123-y.
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