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Abstract

Background The expression of aquaporin 4 (AQP4) and intermediate filament (IF) proteins is altered in malignant
glioblastoma (GBM), yet the expression of the major IF-based cytolinker, plectin (PLEC), and its contribution to GBM
migration and invasiveness, are unknown. Here, we assessed the contribution of plectin in affecting the distribution
of plasmalemmal AQP4 aggregates, migratory properties, and regulation of cell volume in astrocytes.

Methods In human GBM, the expression of glial fibrillary acidic protein (GFAP), AQP4 and PLEC transcripts was ana-
lyzed using publicly available datasets, and the colocalization of PLEC with AQP4 and with GFAP was determined
by immunohistochemistry. We performed experiments on wild-type and plectin-deficient primary and immortal-
ized mouse astrocytes, human astrocytes and permanent cell lines (U-251 MG and T98G) derived from a human
malignant GBM. The expression of plectin isoforms in mouse astrocytes was assessed by quantitative real-time PCR.
Transfection, immunolabeling and confocal microscopy were used to assess plectin-induced alterations in the dis-
tribution of the cytoskeleton, the influence of plectin and its isoforms on the abundance and size of plasmalemmal
AQP4 aggregates, and the presence of plectin at the plasma membrane. The release of plectin from cells was meas-
ured by ELISA. The migration and dynamics of cell volume regulation of immortalized astrocytes were assessed

by the wound-healing assay and calcein labeling, respectively.

Results A positive correlation was found between plectin and AQP4 at the level of gene expression and protein
localization in tumorous brain samples. Deficiency of plectin led to a decrease in the abundance and size of plas-
malemmal AQP4 aggregates and altered distribution and bundling of the cytoskeleton. Astrocytes predominantly
expressed P1¢, P1e, and P1g plectin isoforms. The predominant plectin isoform associated with plasmalemmal AQP4
aggregates was P1c, which also affected the mobility of astrocytes most prominently. In the absence of plectin,

the collective migration of astrocytes was impaired and the dynamics of cytoplasmic volume changes in periph-
eral cell regions decreased. Plectin’s abundance on the plasma membrane surface and its release from cells were
increased in the GBM cell lines.
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Conclusions Plectin affects cellular properties that contribute to the pathology of GBM. The observed increase
in both cell surface and released plectin levels represents a potential biomarker and therapeutic target in the diagnos-

tics and treatment of GBMs.
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Background

Glioblastoma (GBM), also known as grade IV glioma, is
the most aggressive and lethal form of diffuse glioma with
a global incidence of 1/33,000 people (i.e. ~60% of all
brain tumors in adults) and a predicted medium length of
survival of 12—15 months [1, 2]. GBMs arise from neural
stem cells (NSCs), NSC-derived astrocytes and oligoden-
drocyte precursor cells in the subventricular zone adja-
cent to the lateral ventricles, and in the subcortical white
matter [1]. The spread of GBM cells to the surrounding
brain tissue proceeds along the blood vessels and axons
[3]; however, the details regarding their strategies to
spread throughout the central nervous system (CNS) are
vaguely understood [3].

During malignant transformation, an astrocyte is
reprogrammed into an oncogenic phenotype through
extensive changes in the expression and distribution of
a number of proteins, including those forming interme-
diate filaments (IFs), in particular glial fibrillary acidic
protein (GFAP) and its isoforms [4]. Moreover, increased
expression of aquaporin 4 (AQP4) and decreased expres-
sion of tumor suppressor p53 and o/p-tubulin have been
detected in GBM [3, 5, 6]. The impact of IFs on various
aspects of GBM biology is unclear, because individual
subcellular topography and expression levels of IFs vary
considerably among GBM samples [6]. By associating
with different types of IFs, interconnecting them with the
plasma membrane and cellular organelles, and mediating
their interactions with actin filaments (AFs) and micro-
tubules (MTs [7, 8], the cytolinker protein plectin is one
of the key regulators of cytoskeleton plasticity including
IF networking. However, plectin’s role in astrocytes and
GBM, remains unexplored. Plectin is encoded by a sin-
gle gene (PLEC) which includes several variable first cod-
ing exons [9]. Alternative splicing of the gene creates the
basic protein isoforms P1, Pla, P1b, Plc, P1d, Ple, P1f,
P1g, P1h,i)j, and P1k, which are expressed in variable pro-
portions in most mammalian tissues and cell types [7, 9,
10]. The distinct N-terminal head domains of these iso-
forms determine their differential subcellular targeting
[7]. P1c was identified as the most abundantly expressed
isoform in brain followed by Ple and P1g [10]. Plectin is
expressed in the majority of astrocytes and prominently
in all ependymal cells, including the choroidal epithelial
cells, tanycytes, and endothelial cells, suggesting a role of

plectin in blood-brain barrier function [8, 11, 12]. Plec-
tin is also a scaffolding platform for signaling [7], leading
us to propose that it plays important roles in a number
of astrocyte processes, including cell migration, ion and
water homeostasis, and modulation of synaptic plasticity
[8]. Similarly, alterations in the expression and localiza-
tion of plectin may play a decisive role in the pathophysi-
ology and progression of GBM and in brain edema
dynamics. The blood—brain barrier turns leaky in brain
tumors, allowing the influx of water, which then exits
the brain through the AQP4-rich glia limitans lining the
brain ventricles and the brain surface [13]. Besides inter-
linking IFs and mediating their interaction with MTs and
AFs, plectin is important for cytoplasmic positioning of
various organelles and proteins [7, 14]. We hypothesize
that the positioning of the AQP4 plasma membrane
assemblies, which have been proposed to affect migration
and invasion of GBM cells [15, 16], may also be mediated
by plectin. Similar to plectin, AQP4, the most preva-
lent aquaporin channel in the CNS, is predominantly
expressed in astrocytes, especially in astrocyte endfeet
that are in contact with cerebrospinal fluid, as well as in
the subarachnoid space and ventricles and at the blood—
brain interface [13]. Proteins contributing to the anchor-
ing of AQP4 in the plasmalemma form the dystroglycan
(DGQ) complex, to which plectin has been shown to bind
in Schwann cells [17] and myofibers [18]. GBMs are often
associated with brain edema, yet the role of AQP4 in
astrocytes in the development of edema remains unclear
[19]. For this reason, in this study we assessed whether
plectin contributes to the regulation of plasmalemmal
AQP4 distribution and cytoplasmic volume changes in
astrocytes.

In certain tumors, the expression of plectin and/or
its cellular distribution is upregulated, e.g., pancreatic
ductal adenocarcinoma, non-small cell lung cancer,
high-grade epithelial ovarian cancer, prostate cancer,
and head and neck squamous cell carcinoma; in the lat-
ter case correlating with a lower survival rate [20-27].
Pro-tumorigenic participation of plectin was demon-
strated in the proliferation, migration, and invasion of
these cancers. Therefore, one aim of our study was to
address the important question whether plectin can
also be considered a biomarker or a prognostic indica-
tor of GBM.
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We report here that the changes in the expression levels
of PLEC and AQP4 correlate with each other in human
astrocytoma and glioma, and that plectin-AQP4 colocali-
zation is linked to the proliferative index (PI) of GBMs.
In addition, we show that plectin regulates the dynamics
of plasmalemmal AQP4 aggregates and affects cell migra-
tion, apparently also through cell volume regulation in
peripheral regions of astrocytes. Further, we identify the
major isoforms of plectin expressed in astrocytes and
assess their relative proportions. Plectin’s association
with plasmalemmal AQP4 aggregates, its increased cell
surface localization, and its release from GBM cell cul-
tures, suggest that plectin may serve as a potential bio-
marker and candidate molecule for the diagnosis and
treatment of GBMs.

Methods

Human GBM dataset selection and analysis

We searched the NCBI Gene Expression Omnibus (GEO)
database (http://www.ncbinlm.nih.gov/geo/) to identify
transcriptome datasets related to human GBM tumors
of different grades. We used the keywords “human,’
“glioblastoma,” and “tumor grade” to identify datasets.
We accessed the datasets by sample number, as well as
by age, sex, and availability of clinical data for the par-
ticipants. Based on the analysis carried out, we selected
GSE108474 [28]. From this dataset, we sorted biopsies
from 28 healthy individuals, 148 patients with astrocy-
toma grade II or grade I1I, and 221 patients with GBM.

Human GBM biopsies

Formalin-fixed and paraffin-embedded tissue specimens
from patients diagnosed with GBM were obtained from
the surgical pathology files at the Anatomic Pathology
Section of the University of Catania, Catania, Italy. Diag-
nosis was made according to the World Health Organi-
zation criteria: (1) high-grade glioma with astrocytic
morphology; (2) diffuse growth pattern; and (3) foci of
necrosis and/or microvascular proliferation. The study
and sample collection were conducted according to the
guidelines of the Declaration of Helsinki and approved
by the Catania 1 Ethics Committee, Catania, Italy (proto-
col code: 166/2015/PO; 17/12/2015). Four men and four
women were included in the study (mean age, 61 years;
range, 45-81 years). Samples were divided into two
groups according to their PI at diagnosis: (1) high PI (Ki-
67 positive cells >30%) and (2) low PI (Ki-67 positive cells
<30%).

Cell cultures and tissue slices

Primary human fetal astrocytes cryopreserved at pas-
sage one (Innoprot, Derio, Spain), primary mouse astro-
cytes isolated from cerebral cortices of neonatal (1-day
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old) Plec”’~ (plectin-null) and wild-type littermates
(Plec™’*) obtained from heterozygotes of the mouse
strain Plec/29.B6 (N12) [29], and immortalized mouse
astrocytes isolated from neonatal Plec” p53~~ and
Plect*p53~~ littermates obtained by inter-crossing
Plec™~p53™~ heterozygotes generated from a previously
created mouse line [30], were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (Thermo Fisher
Scientific, Karlsruhe, Germany) supplemented with 10%
fetal bovine serum (FBS), 1 mM sodium pyruvate, 2 mM
L-glutamine, 5 U/ml penicillin, and 5 pg/ml streptomy-
cin. Assays performed with immortalized cells were done
at low passage (<10). Immortalized cells (Plec™’~) and
(Plec*’") of different types are a highly valuable tool to
study plectin functions as the results obtained using p53
knock-out cell lines are generally identical to the results
obtained on cells isolated from plectin knock-out mice
[31]. The permanent cell lines U-251 MG and T98G
derived from a human malignant GBM were purchased
from the European Collection of Authenticated Cell Cul-
tures (ECACC, Public Health England, Salisbury, UK)
and maintained in essentially the same growth medium
as astrocytes, but with a higher concentration of antibi-
otics (100 U/ml penicillin, and 100 pg/ml streptomycin).
All cell cultures were maintained at 37 °C in a humidified
atmosphere of 5% CO, and 95% air. Mouse lines Plec/29.
B6 (N12) and Plect’~p53"/~ were maintained by back-
crossing to a C57BL/6 background. Before the experi-
ments, all cell types were tested for astrocyte markers
(Additional file 1: Table S1). If not indicated otherwise,
cell media and reagents for all the experiments in this
study were obtained from Sigma-Aldrich (Merck, Darm-
stadt, Germany). Cells plated for experiments were used
within 3 days after plating.

Quantitative real-time PCR

Total RNA was isolated from cultured primary and
immortalized cortical astrocytes isolated from 1- to
2-day-old Plec™*, Plec™~, Plec*’*p53*and Plec**p53~/~
mice. The RNA was purified using Trizol (Invitrogen,
Carlsbad, CA, USA), its quality assessed on an agarose
bleach gel [32], and the quantity measured using a Nan-
oDrop D-11+spectrophotometer (DeNovix, Wilming-
ton, DE, USA). cDNA was synthesized from 1 pg of RNA
using random hexamer primers (Thermo Fisher Scien-
tific) and SuperScript III (Invitrogen). Real-time poly-
merase chain reaction (RT-PCR) was performed using
SYBR Green II Master Mix in a LightCycler 480 (Roche
Diagnostics, Basel, Switzerland). The reactions were run
at 95 °C for 2 min followed by 45 cycles of 95 °C for 10 s,
60 °C for 10 s, and 72 °C for 20 s. Data were collected and
analyzed using the software supplied with the instru-
ment. The estimated absolute copy numbers of plectin


http://www.ncbi.nlm.nih.gov/geo/

Zugec et al. Journal of Biomedical Science (2024) 31:14

isoforms were calculated from standard curves obtained
by serial dilutions of linearized plasmids carrying the
target sequences. Data for each exon were from three
independent experiments with each data point assayed
in duplicate; all samples were normalized to the reference
genes hypoxanthine guanine phosphoribosyl transferase
1 (HPRT1) and/or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and calculations were based on the
Pfaffl Method [33]. Primers amplify a region spanning
exons 1-2 of cDNA; their sequences are listed in Addi-
tional file 1: Table S2.

Immunohistochemistry of human GBM tissue slices
Immunolabeling was performed by a standard immu-
nohistochemistry protocol [34]. Briefly, samples were
warmed to room temperature (RT), deparaffinized in
xylene, and hydrated by immersing in a series of graded
ethanol. Heat-mediated antigen retrieval was performed
in a microwave (10 mM sodium citrate buffer [pH 6.0],
20 min), and blocking solution (10% goat serum and 0.1%
Triton X-100 in 1Xphosphate-buffered saline [PBS])
was applied (RT, 1 h) to prevent nonspecific background
staining. Primary antibodies were applied overnight at
4 °C and secondary antibodies at RT (1 h). Double immu-
nolabeling was performed sequentially by applying a first
pair of primary and secondary antibodies followed by a
second pair. Cell nuclei were labeled with DAPI (1 pg/ml;
Invitrogen), and slides were embedded in Mowiol 4—88
mounting medium (a mixture of 2.4 g Mowiol 4-88, 6 g
glycerol, 6 mL H,O and 12 mL 0.2 M Tris—Cl (pH 8.5),
heated to 50 °C for 10 min, and then centrifuged at 5000g
for 15 min; at the end 2.5% DABCO is added to reduce
fluorescence fading). The following sera and antibod-
ies (diluted in 0.1% Triton X-100 in 1XPBS) were used:
heat-inactivated (56 °C, 30 min) human serum (acquired
from the serum sample bank at the Institute of Micro-
biology and Immunology, Faculty of Medicine, Univer-
sity of Ljubljana, Ljubljana, Slovenia) and confirmed for
the presence of neuromyelitis optica immunoglobulin G
antibodies (NMO-IgG, 1:100; Additional file 2: Fig. S1),
rabbit antiserum to plectin (#46, 1:100; [30]), rabbit poly-
clonal antibody to GFAP (1:100; Agilent Technologies,
Santa Clara, CA, USA), goat anti-human and goat anti-
rabbit IgG conjugated to fluorescent dyes (Alexa Fluor
488 or 546, 1:1000; Invitrogen).

Immunolabeling of cytoskeleton constituents

Cells plated onto glass coverslips coated with poly-D-ly-
sine (PDL) (1:100) were labeled by a standard immuno-
cytochemistry protocol [35]. To immunolabel vimentin
filaments (VFs), cells were fixed and permeabilized in
ice-cold 100% methanol (—20 °C, 10 min); for immuno-
labeling of cytoplasmic plectin, cells were fixed in 4%
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formaldehyde (RT, 15 min) followed by permeabiliza-
tion with 0.1 Triton X-100 (RT, 10 min). Then, standard
immunolabeling steps were performed by incubation
in blocking solution (3% bovine serum albumin [BSA]
and 10% goat serum in 1XPBS, 1 h, 37 °C) and subse-
quent labeling with rabbit antiserum to vimentin (1:200;
Abcam, Cambridge, UK) and rabbit antiserum to plec-
tin (#46, 1:100), both overnight at 4 °C, followed by sec-
ondary antibodies (goat anti-rabbit Alexa Fluor 488 and
Alexa Fluor 546, 1:600; Invitrogen) for 45 min at 37 °C.
All antibodies were diluted in 3% BSA in 1xXPBS. AFs
were labeled in cells fixed with 4% formaldehyde (RT,
15 min) and incubated with 1XPhalloidin-iFluor 594
(Abcam) diluted in 1% BSA (RT, 30 min). After labe-
ling, the coverslips were mounted onto glass slides using
Mowiol 4-88 mounting medium.

Transfection

Cells were transfected with plasmids encoding the fol-
lowing fusion proteins between different plectin isoforms
and fluorescent proteins: P1c2a3a-EGFP [36], P1e-EGFP
[36], P1g-EGFP [36], and Plc-mCherry. Plc-mCherry
was generated by subcloning of Plc ¢cDNA into pGB7
Plc-mCherry [37]. FUGENE 6 transfection reagent (Pro-
mega, Mannheim, Germany) was used according to the
manufacturer’s instructions.

Labeling of plasmalemmal AQP4 aggregates and cell
surface plectin microdomains

Cells plated onto glass coverslips coated with PDL (1:100)
and laminin (1:100) were labeled as described [38, 39].
Briefly, cells were incubated with 3% BSA in 1XxPBS to
prevent nonspecific background signal (37 °C, 1 h). Then,
to label AQP4 in the plasmalemma, heat-inactivated
NMO-IgG patient serum (1:100) was applied (+4 °C,
15 min). The AQP4 antibodies in NMO-IgG serum
exhibit a high affinity for the extracellular surface of
AQP4 [40]. To label surface plectin, rabbit antiserum to
plectin (#46, 1:100) was applied (+4 °C, 15 min). Next,
cells were fixed in 2% formaldehyde (RT, 15 min), incu-
bated with the appropriate secondary antibodies (37 °C,
45 min), goat anti-human IgG (Alexa Fluor 546, 1:600;
Invitrogen), donkey anti-human IgG (Abberior Star
Green, 1:600; Abberior, Géttingen, Germany), or goat
anti-rabbit IgG (Alexa Fluor 488 or Alexa Fluor 546,
1:600; Invitrogen) and mounted onto glass slides using
Mowiol 4—88 mounting medium.

ELISA quantification

Primary human astrocytes and U-251 MG cells were
plated in triplicates on 24-well plates, with a seeding den-
sity of 4x 10 cells per well. After overnight incubation in
growth medium to ensure adherence, the medium was
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replaced with plain DMEM and incubated for an addi-
tional 24 h to minimize proliferation. Subsequently, the
supernatant (DMEM containing released proteins) was
collected and stored frozen at — 80 °C. Prior to perform-
ing indirect ELISAs, the protein concentration of sam-
ples was determined using a BCA protein assay (Thermo
Fisher Scientific). Samples, diluted (1:1) in coating buffer
(0.1 M Na2CO3/NaHCO3, pH 9.4), were loaded onto
96-well plates (Thermo Fisher Scientific), incubated for
2 h at RT, followed by washing (3%) in PBS/0.05% Tween-
20, and incubated with blocking solution (washing solu-
tion plus 2% BSA) for 1 h at RT. The plates were then
incubated (2 h, RT) with rabbit anti-plectin antiserum #9
[30] (diluted 1:500 in blocking solution). For subsequent
incubation with secondary antibodies, goat anti-rabbit
HRP (Thermo Fisher Scientific) was used at a dilution
of 1:4000. For signal detection, TMB substrate (Thermo
Fisher Scientific) was added for 15 min and the reaction
stopped with 2 M sulfuric acid. Immediately after, the
absorbance was read at 450 nm using a Multiscan GO
spectrophotometer (Thermo Fisher Scientific).

Imaging of fluorescent immunolabeled samples

Imaging of fluorescently labeled samples was per-
formed using LSM 800 confocal microscope with a
Plan-Apochromat 63 % /1.4 oil DIC M27 objective (Carl
Zeiss, Oberkochen, Germany) using 405 nm, 488 nm,
and 561 nm diode laser excitation. Emission spectra were
acquired sequentially with 400-505 nm (DAPI), 505-
555 nm (EGFP or Alexa 488), and 555-700 nm (Alexa
546 or mCherry) bandpass emission filters. Z-stacks with
a 0.5-um interval were recorded in samples of immuno-
labeled intracellular plectin, AFs, VFs, AQP4 aggregates,
and surface plectin, and z-stacks with a 1-um interval
were recorded in human GBM tissue slices.

Wound-healing assay

Cells were seeded on 2-well inserts in 35-mm dishes
(Ibidi, Gréfelfing, Germany). After reaching conflu-
ence (24 h), the insert was removed, and cells were sup-
plemented with growth medium with reduced FBS
content (2%) to minimize the effect of cell proliferation in
a repopulation of the insert-free area (the gap) [41]. Cells
were kept in 5% CO,/95% air at 37 °C. Time-lapse record-
ing (37 °C, 4-h intervals for 28 h) was performed with
LSM 800 confocal microscope using a Plan-Apochromat
10X /NA 0.45 DIC objective.

Recordings of cell volume changes

Cells plated on PDL- and laminin-coated coverslips were
loaded with calcein-acetoxymethyl ester dye (Calcein
AM; 1 pM, 23 °C, 15 min; Sigma-Aldrich) and exposed
to either iso-osmotic (300 mOsm) or hypo-osmotic

Page 5 of 22

(200 mOsm) conditions. Iso-osmolar extracellular solu-
tion consisted of 130 mM NaCl (Merck, Germany), 5 mM
KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM D-glucose, and
10 mM HEPES (pH 7.2). A hypo-osmotic solution was
obtained by reducing the osmolarity of the iso-osmo-
lar medium from 300 to 200 mOsm by application of a
100 mOsm solution consisting of 30 mM NaCl, 5 mM
KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM D-glucose, and
10 mM HEPES (pH 7.2). Images were recorded with LSM
800 confocal microscope using an oil-immersion objec-
tive (40x/NA 1.3). Calcein was excited using a diode laser
(488 nm), and the emission light was filtered with a band-
pass emission filter (400-650 nm). Time-series images
were recorded for 30 s before and 90 s after hypotonic
stimulation with an acquisition rate of 1 frame/s.

Image analysis

Intracellular distribution of the cytoskeleton and plectin

The analysis was performed with Lpx Filter2d plugins
[42] using Fiji version 2.3.0/1.53q (NIH, Bethesda, USA)
[43]. Briefly, z-stack images of cells were outlined and
skeletonized to calculate the angle against the cell long
axis (avgTheta), the level of parallelness among filaments
(normAvgRad), an index showing the variations in the
angle distribution of the cytoskeleton, and bundling of
filaments (skewness of intensity distribution, which indi-
cates bundling) [42]. The subplasmalemmal and perinu-
clear (PN) occupancy (the amount of cytoskeleton per
unit area) was assessed in merged Z-stack images and
expressed as the percentage of pixels above the threshold
versus pixels representing the selected cell area. The sub-
plasmalemmal area represents the area between the cell
outline (obtained from a DIC image) and a corresponding
(virtual) 20% or 10% smaller outline (by area) for immu-
nolabeled AFs/VFs, and intracellular plectin, respectively.
The PN area represents an area within a twofold area of a
cell nucleus, including the nuclear region.

Collective cell migration and single-cell mobility

Sequential images were analyzed as described [44].
Briefly, the area devoid of cells (the gap) was outlined,
and the collective migration rate was determined by plot-
ting the gap area versus time according to the equation:

!slope]
2x1’

Vmigration (um/h) =

where the slope is equal to dGapArea/dt; the gap area is
defined as the width of the gap times the length of the
gap (/). The time needed for the gap to close to half the
original area (50% of the gap) was calculated as:
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; Initial gap area
1280 = T |slope| '

The analysis of the mobility of single cells, positioned
within 150-300 pm from the leading edge, was per-
formed in Fiji. The distance between sequential positions
of the cell in two sequential images was measured at the
center of cell nuclei. The sum of sequential distances in
all recorded time intervals represents the total distance of
the cell and was used to calculate the average cell speed.

Plamalemmal AQP4 aggregates and cell surface plectin

A 3D object counter plugin in Fiji [43, 45] was used to
calculate the abundance of plasmalemmal AQP4 aggre-
gates and surface plectin microdomains in all imaged
z-stacks of whole cells. The number of plasmalemmal
AQP4 aggregates and surface plectin microdomains
was normalized to a cell area of 100 pm?. Diameters of
plasmalemmal AQP4 aggregates and cell surface plectin
microdomains were measured as described [38]. Briefly,
the in-focus z plane was chosen, and the diameter was
determined by measuring the full-width at half maximum
of the fluorescence intensity profile in the horizontal and
vertical directions of the equatorial plane of particle.

Colocalization analysis

The colocalization between AQP4 and plectin in tis-
sue slices was measured in all imaged z-stacks with the
JACoP plugin in Fiji [45].

In cells in culture, the overlap between objects repre-
senting plasmalemmal AQP4 aggregates and plectin was
determined by the colocalization and 3D object counter
plugins in Fiji. The percentage of colocalization reflects
the percentage of colocalized objects versus all plas-
malemmal AQP4 aggregates in the cell.

Measurements of cell volume dynamics

Changes in the cell volume can be deducted from an
increase in the fluorescence intensity of the cytosolic
calcein, because hypo-osmotic shock leads to calcein
dequenching due to dilution of intracellular solutes [46].
Changes in the fluorescence intensity were analyzed in
Fiji to calculate the average fluorescence intensity in a
region of interest. Subsequent analysis and curve fit-
ting of the data were performed using a custom-written
script in the Python programming language (Python
Software Foundation, https://www.python.org/). Briefly,
florescence intensity data were first smoothened using
a Savitzky-Golay filter. Then, to compensate for pho-
tobleaching, the linear function was fitted to the baseline
(first 30 s) and subtracted from the original data. Subse-
quently, florescence intensity was normalized to the base-
line (F/F,) and expressed as a percentage (F/F,%100%).
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The dynamics of cell swelling were modeled with a sig-
moid function:

Fmax
F/Fy(t) = m,
where F,,  corresponds to the maximum florescence

intensity, and k is the maximal swelling rate [evaluated at
the midpoint of the swelling phase (¢;)]. The regulatory
volume decrease (RVD) was evaluated by determining
the half-time (¢,,,) of the fluorescence decrease following
the swelling phase.

Statistical analysis

Statistical analysis was performed in SigmaPlot 11.0.
First, a normality test was performed on the data, then
statistical significance was evaluated using the nonpara-
metric Mann—Whitney U test. For a multiple factorial
analysis of variance, two-way ANOVA on ranks with
the Kruskal-Wallis and Holm-Siddk’s or Dunn’s post
hoc tests for non-normally distributed data was applied.
Results are presented as medians +standard error. Sig-
nificance was considered as follows: *P<0.05, **P<0.01,
***P <0.001. The number of replicates and the number of
cells analyzed are stated in the figure legends.

Results

Expression and localization of plectin correlate with those
of AQP4 in humans

GBM RNA transcriptome datasets were used to exam-
ine the expression levels of GFAP, AQP4, and PLEC in
healthy tissue versus glioma; samples were obtained
from 28 healthy human controls (HCs), 148 patients
with astrocytoma, and 221 patients with GBM. In par-
ticular, we examined whether the RNA expression lev-
els (z-scores) of PLEC correlate with levels of GFAP
and AQP4. The results revealed an inverse correlation
between PLEC and GFAP (Fig. 1Ai-iii) in HC, astrocy-
toma, and GBM samples. Although no correlation was
observed between Z-scores of PLEC and AQP4 in HC
samples (Fig. 1Bi), the correlation was positive in both
ing immunohistochemically labeled GBM tissue sections
with high and low PI, we detected a high degree of plec-
tin/AQP4 colocalization in both cases (Fig. 1Ci), with a
slightly (10%) but significantly higher value observed
for low PI compared with high PI GBM (Fig. 1Cii). The
colocalization of plectin with AQP4 was higher in com-
parison with GFAP (Additional file 2: Fig. S2). Previous
studies have shown that alterations in the expression of
the AQP4 gene affect the size of supramolecular struc-
tures of AQP4, called orthogonal arrays of particles
(OAPs), which has subsequently been proposed to con-
tribute to the migratory properties of GBM cells [15, 16,
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1; P<0.001;), astrocytoma (A,

y=-028xx-031; R>=0.059; P<0.001), and GBM (A y=—0.06Xxx+0.13; R?>=0.004; P<0.001). Note inverse correlation in all cases. B Z-scores
of PLEC versus AQP4 in HC. Note, no correlation in HC (B, y= —0.45x x+0.33; R2=0.075; P=0.17), and positive correlation in astrocytoma (B;,

y=034xx—-024;R’=

0.10; P=0.0001), and GBM (By;, y=0.35xx+0.07; R’=0.14; P<0.0001). n denotes the number of patients in (A) and (B). G

Depiction of immunolabeled AQP4 and PLEC in a slice of human GBM IDH1 wild-type sample with low PI (Ki-67 = 15%). From left to right: DIC image
and fluorescence micrographs showing immunolabeled AQP4, immunolabeled PLEC, and an overlay of AQP4, PLEC, and DAPI-labeled nuclei.

Yellow color indicates the colocalization signal for AQP4 and PLEC. Sections within the rectangular area are enlarged below. Scale bars:

10 um

(magnified area, 3 pm). C; The percentage of colocalized PLEC and AQP4 was lower in GBM with high proliferative index (high PI) in comparison
with GBM with low proliferative index (low PI) (**P<0.01, Mann-Whitney U test). Samples were obtained from patients with GBM IDH1 wild-type
(three patients with high PI, two patients with low PI). Numbers above the boxplots represent the number of cells analyzed

47]. Our results indicate that plectin might be involved in
the positioning of AQP4, which may lead to changes in
the size of plasmalemmal AQP4 aggregates.

The abundance and the size of plasmalemmal AQP4
aggregates of astrocytes depend on plectin expression
levels

Anchoring of AQP4 in the plasma membrane depends
on the extracellular matrix and intracellular plasma
membrane associated proteins of the dystrophin—dys-
troglycan complex which is connected to AFs [48, 49].
Given that plectin regulates the dynamics of AFs [50], we
hypothesized that plectin affects the abundance and size
of plasmalemmal AQP4 aggregates. We decided to test

this hypothesis in immortalized astrocyte cell cultures
derived from plectin-deficient (null) and plectin-positive
mice that had been crossed into a p53~/~ background [51]
(see “Methods”). A similar strategy has successfully been
used in studies on various other cell types [31, 52]. Labe-
ling of plasmalemmal AQP4 aggregates was achieved
using auto-antibodies (NMO-IgG) that specifically bind
to AQP4 [40], without producing a non-specific sig-
nal (Fig. 2A,B). The analysis revealed that Plec™~p53~/~
astrocytes exhibited a reduction of plasmalemmal AQP4
aggregates of ~70% (Fig. 2Ci—vi, D;), with plasmalemmal
AQP4 aggregates being reduced in diameter by ~10%,
compared with Plec™”*p53~'~ (Fig. 2Ci-iv, D;, D;). When
the experiment was repeated with primary (Plec™™)
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mouse astrocytes, plasmalemmal AQP4 aggregates were
found to be more than twice as numerous and 10% larger
in Plect’* astrocytes compared with plectin-devoid
cells (Fig. 2Cvii—xii, Dy;_;,), confirming the specificity
of the observed phenotype. Interestingly, immortalized
astrocytes expressed nearly twice as many plasmalem-
mal AQP4 aggregates than primary mouse astrocytes
(P<0.001, Mann—-Whitney U test, Fig. 2Di, iii). These
results reveal that both the abundance and the size of
plasmalemmal AQP4 aggregates depend on the expres-
sion of plectin in the cells studied.

When we tested the abundance of plasmalemmal
AQP4 aggregates in human astrocytes versus human
U-251 MG and T98G GBM cells (using NMO-IgG
(Fig. 3A), the results revealed an increase in the density of
plasmalemmal AQP4 aggregates by a factor of ~10 and a
reduction in diameter of ~20% in U-251 MG cells versus
human astrocytes (Fig. 3Bi—ii). A higher density of plas-
malemmal AQP4 aggregates was observed also in T98G
cells (by a factor of ~2), while their diameter was similar
as in human astrocytes (Fig. 3Bi—ii).

Intracellular distribution of actin and vimentin filaments

is affected differently by plectin deficiency

AQP4 anchoring to dystroglycan complex occurs via
an interaction with p-dystroglycan (B-DG) [18, 49].
Given that plectin binds to dystrophin (utrophin) and
B-dystroglycan [18], we postulate that plectin may also
indirectly affect the positioning of AQP4 in the plasma-
lemma by mediating crosstalk between VFs, AFs, and
MTs. To address this issue, we examined how plectin
affects the intracellular distribution of AFs and VFs by
immunolabeling AFs and VFs in immortalized astro-
cytes expressing (Plec™*p537/7) or not expressing plec-
tin (Plec”’"p53~/7) (Fig. 4A). The results revealed that
in Plec”’~p53~/~ astrocytes, AFs were retracted from
the plasma membrane (Fig. 4Bi); their occupancy in the
subplasmalemmal area was ~20% lower compared with

(See figure on next page.)
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Plect’Tp53~/~ cells. In addition, in Plec”’~"p53~/~ astro-
cytes, AFs were arranged more in parallel (Fig. 4Bii)
and appeared more bundled (Fig. 4Biii) compared
with Plec™*p537~~ cells. In contrast to AFs, VFs in
Plec™”~p53~~ astrocytes extended closer to the plas-
malemma (the occupancy in the subplasmalemmal was
~50% higher), redistributed away from the perinuclear
region (the occupancy was ~30% lower), and they were
also oriented more irregularly and more bundled in com-
parison with Plec™’*p53~/~ astrocytes (Fig. 4Biv—vi).

In summary, these results reveal that in astrocytes,
plectin is critically involved in the distribution of AFs and
VFs, consistent with potential involvement in the posi-
tioning of plasmalemmal AQP4 aggregates.

Among several plectin isoforms expressed in astrocytes,
P1cis the most abundant and the one prominently
associating with plasmalemmal AQP4 aggregates

The N-terminal diversity, generated by alternative splic-
ing of distinct first coding exons into exon 2 of the plec-
tin gene, gives rise to nine plectin isoforms with different
N termini that dictate their cellular localization [7, 9,
31]. The expression profiles of the isoforms in some cell
types, such as keratinocytes, myocytes, endothelial cells,
and Schwann cells, have been established, but this was
not the case for astrocytes. Thus, for assessing astrocyte-
specific functions of isoforms, we first determined the
gene expression levels of isoforms expressed in primary
astrocytes isolated from wild-type mice. Our analy-
sis by RT-PCR pointed to Plc as the most abundantly
expressed isoform, followed by Ple and Plg (Fig. 5Ai).
In a subsequent analysis, we compared the expression
levels of these three isoforms in primary versus immor-
talized (p53-deficient) astrocytes. Primary and immor-
talized astrocytes showed practically equivalent levels of
the three isoforms (Fig. 5Aii), suggesting that p53 defi-
ciency did not affect plectin expression. If confirmed
in vivo, these data would be consistent with Plc, Ple, and

Fig. 2 Plectin deficiency reduces the abundance and size of plasmalemmal AQP4 aggregates in immortalized and primary mouse astrocytes.
A Schematic depiction of a plasmalemmal AQP4 aggregate (pAQP4; cluster of channels in blue) with NMO-IgG serum antibodies (black) bound
to the extracellular domain of AQP4, and with secondary antibodies (gray) conjugated Alexa-546 (red) fluorescent dye. B; and B; DIC image

of Plec”"p537~ astrocyte and the corresponding fluorescent micrograph with DAPI-labeled cell nuclei. Labeling with secondary (Alexa-546)

antibodies alone did not result in measurable fluorescence. € DIC images of immortalized (Plec**p537~ and Plec™”~p5377) (C

ivi) and primary

(Plec*”* and Plec™") (C; i) astrocytes with corresponding inverted fluorescent micrographs depicting labeling of plasmalemmal AQP4 aggregates
'VII-XII
(black puncta) with enlarged boxed sections (below). Cells are outlined in black. Plasmalemmal AQP4 aggregates in inverted fluorescent

micrographs (C,

ii,v, viii xi

) are displayed as black puncta; arrowheads point to demarcated areas that are enlarged in the panels below (C,

iii,vi,ix,xii)'

Scale bars: 20 um (enlarged areas, 0.5 um). D Quantification of plasmalemmal AQP4 aggregates is revealed in (C). Note that immortalized as well
as primary astrocytes that express plectin (Plec”’*p53~ and Plec*’*, respectively) have more plasmalemmal AQP4 aggregates per 100 pm? (D, Dy
***P<0.001; Mann-Whitney U test), and their mean size is larger (D, D;,; **P < 0.01, ***P<0.001; Mann-Whitney U test), compared with astrocytes
devoid of plectin. The data were obtained from astrocytes isolated from two mice per genotype. Experiments were performed in duplicate. The

numbers above the boxplots are the number of cells analyzed
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Fig. 3 U-251 MG and T98G cells express more plasmalemmal AQP4
aggregates than human astrocytes. A DIC images with corresponding
inverted fluorescent micrographs and enlarged sections of a human
astrocyte (Ai_i) and of a U-251 MG cell (A;,_). Cells are outlined

in black, plasmalemmal AQP4 aggregates (pAQP4) are displayed

as black dots. Arrowheads in (A;;,) point to boxed areas enlarged

in Ay Scale bars: 20 um (enlarged area, 0.5 um). B; Human astrocytes
have fewer plasmalemmal AQP4 aggregates in comparison

with U-251 MG and T98G cells (*P < 0.05; one-way ANOVA followed

by Dunn's method). B;; Human astrocytes have larger plasmalemmal
AQP4 aggregates in comparison with U-251 MG, but are similar in size
to T98G cells (*P < 0.05; one-way ANOVA followed by Dunn’s method).
Human astrocytes were isolated from two donors. Experiments

were performed in triplicate. The numbers above the boxplots are
the number of cells analyzed

Plg, playing important roles in CNS functions involving
astrocytes.

Next, we tested whether the higher abundance of
plasmalemmal AQP4 aggregates of immortalized cells
is reflected also in increased colocalization of plectin
with these aggregates. To this end, we immunolabeled
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plectin and plasmalemmal AQP4 in human astrocytes,
U-251 MG cells, and immortalized mouse astrocytes
Plec**p53~/~ (Fig. 5Bi-iii). The analysis revealed that
in Plec™’*p53~~cells and in the U-251 MG cell line, the
abundance of plectin at plasmalemmal AQP4 aggre-
gates was ~2.5 times higher in comparison with human
astrocytes (Fig. 5Biv). We then examined which isoform
of plectin was primarily targeted to these aggregates.
For this, we transfected U-251 MG cells and immortal-
ized astrocytes (Plec”’"p53~~ and Plec™’*p53~/7) with
plasmids encoding fluorescently labeled isoforms Plc,
Ple, and P1lg, and the Plc variant Plc/2a3a, followed
by immunolabeling for plasmalemmal AQP4 aggregates
48 h after transfection (Fig. 5Ci-iii and Additional file 2:
Fig. $3). Of all plectin isoforms tested, P1c was by far the
most prominently associating with plasmalemmal AQP4
aggregates (Fig. 5Civ—vi).

Collective cell migration and the dynamics
of hypotonicity-induced cell volume changes are impaired
in plectin-deficient astrocytes
Given the evidence that plasmalemmal AQP4 is involved
in GBM migration [15, 16, 47] and that plasmalemmal
AQP4 is prominently associated with plectin, we next
investigated how plectin affects the migration of astro-
cytes. For this, we performed a wound-healing assay
(Fig. 6A). The results revealed that the speed of the col-
lective migration of Plec™~p537~/~ astrocytes was reduced
by ~15% compared with that of Plec™’*p53™~ astrocytes
(Fig. 6Bi—iv). The time needed for cells to close 50% of
the gap between the two confluent cell populations (¢, ,)
was significantly longer for Plec™”"p53™~ compared
with Plec™*p53~~ (Fig. 6Bv). To evaluate the contribu-
tion of individual plectin isoforms to the mobility of
single astrocytes, we performed wound-healing assays
with Plec”~p53~~astrocytes transfected with plasmids
encoding either isoform Plc, Ple, or Plg, and compared
their mobility with that of neighboring non-transfected
cells and Plect*p53~~ astrocytes. The most prominent
increase in speed and travel distance in Plec™ p53~/~
astrocytes was detected upon forced expression of
isoform Plc (Fig. 6C). Nevertheless, Plec”~p53~~ astro-
cytes transfected with plasmids encoding isoform Ple or
Plg all showed mobility increases that were at least as
high as that of Plec™’*p53™/~ astrocytes (Ple) or higher
(P1g) (Additional file 2: Fig. S4). In addition, we meas-
ured the collective migration of U-251 MG cells (Fig. 6)
and found that it was below that of mouse astrocytes
(Fig. 6Bvi, vii). This result was consistent with an earlier
study showing decreased migration potential of this type
of cells [53].

To address the role of plectin in the regulation of

the cell volume, immortalized Plect*p53~~ and
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Fig. 4 Plectin deficiency affects the distribution of actin filaments (AFs) and vimentin filaments (VFs) in immortalized mouse astrocytes. A
Immunolabeled AFs (A;;) and VFs (Ayi,) in Plec”*p537 (left panels) and Plec”"p537 (right panels) astrocytes. Boxed areas in whole-cell images
are shown enlarged below the corresponding micrographs. Cell outlines are depicted in white, the border of the subplasmalemmal (SPL) area (the
area between the cell outline and the line calculated by reducing the cell area by 20%) is demarcated by green puncta. Cell nuclei and perinuclear
(PN) region (2 x the size of the nucleus area) are outlined in yellow by a line and puncta, respectively. Scale bars: 10 um. B Statistical analysis

of cytoskeletal filament distribution. Note that compared with Plec*’*p537~ astrocytes, in Plec”"p537~ astrocytes, AFs are retracted from the SPL
area and are more parallel and more bundled throughout the cell cytoplasm (B;_y), whereas VFs are more abundant in the SPL area, less abundant
in the PN area, less parallel and more bundled in the cytoplasm (B;,_,). **P<0.01, **P<0.001; Mann-Whitney U test. The data were obtained

from astrocytes isolated from two mice per genotype. Experiments were performed in duplicate. n indicates the number of cells analyzed

(See figure on next page.)

Fig. 5 Quantitation of plectin isoform transcripts, plectin-AQP4 aggregates in the plasmalemma colocalization, and preferential targeting

of isoform P1c to plasmalemmal AQP4 aggregates. A Total RNAs isolated from primary wild-type (Wt-p) and immortalized (Wt-i) astrocytes
derived from 1- to 2-day-old Plec*’* and Plec*’*p53~~ mice, respectively, were subjected to RT-PCR using isoform-specific primers as listed

in Additional file 1: Table S2. A; Expression pattern of plectin isoforms in primary astrocytes. Note that isoforms P1c, P1e, and P1g, which start

with the alternative first exons Ex1c, Ex1e, and Ex1g, are the ones most abundantly expressed in astrocytes. A;; Comparison of isoform P1c, Ple,
and P1g expression patterns in primary (Wt-p) versus immortalized (Wt-i) astrocytes. The average for each is plotted with standard deviation error
bars drawn. The difference between the means of the two groups was not statistically significant (P> 0.05; paired t-test). B Fluorescent micrographs
of NMO-IgG-labeled plasmalemmal AQP4 aggregates (green) and immunolabeled plectin (red) in a human astrocyte (B), a U-251 MG cell (By),
and a Plec’*p537" astrocyte (B;;). By, The percentage of plasmalemmal AQP4 aggregates that colocalize with native plectin is higher in U-251 MG
cells as well as Plec”’*p537" astrocytes, compared with human astrocytes (*P < 0.05; one-way ANOVA followed by Dunn’s method). C Fluorescent
micrographs of U-251 MG (C)), P/ec’/’p53’/’ and P/ec*/*pﬁ’/’ astrocytes (G, Cy; respectively), transfected with P1c-mCherry (red) and labeled
with NMO-IgG (green). Cells are outlined in white. Arrows point to boxed areas shown enlarged in insets. White masks depict plasmalemmal AQP4
aggregates colocalizing with plectin (pinpointed by arrowheads). Scale bars: 20 um (enlarged section, 0.5 um). G, _; Statistics showing that P1c's
colocalization with plasmalemmal AQP4 aggregates upon forced expression in U-251 MG cells and in Plec™~ and Plec*’* astrocytes is significantly
higher compared with that of the other transiently expressed isoforms (P1c/2a3a, P1e, and P1g) (*P <0.05; one-way ANOVA followed by Dunn'’s
method). Human astrocytes were isolated from two donors, astrocytes from two Plec™”~p53~~ and two Plec*’*p53™~ mice. Experiments were
performed in duplicate. The numbers above the boxplots indicate the number of cells analyzed
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Plec”~p53~~ astrocytes were loaded with Calcein AM  measured, there were no significant changes in any of the
and exposed to a hypo-osmolar solution (200 mOsm) measured parameters, i.e. amplitude (F,,/F,X100%),

(Fig. 7A). When the whole-cell volume of astrocytes was  swelling rate, maximal swelling duration (f.), and
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half-time of the RVD (fpypsey) between both pheno-
types observed (Fig. 7B—D). However, the local periph-
eral regions (LPRs) of astrocytes displayed fluorescence
changes in calcein, coinciding with the formation of
bleb-like protrusions that were simultaneously observed
in a DIC image (Additional file 3: Video S1). Differences
in volume dynamics of LPRs were noticeable between
Plect*p53~~ and Plec”’~p53~/~astrocytes (Fig. 7E—
G). In particular, £g .. of LPR was prolonged by ~10%
(Fig. 7E, F), and the swelling rate of LPRs was reduced by
~25% in Plec”’~p53~/~ in comparison with Plect*p53~/~
astrocytes. The maximal volume increase (F,,,,/F,%100)
and Zyp 500 Were similar in both phenotypes (Fig. 7G).
These data show that the absence of plectin impairs
the migration of astrocytes and significantly affects the
dynamics of cell volume changes at the cell periphery.

U-251 MG and T98G cells abundantly express plectin

at their surface

In several types of cancer plectin is upregulated and its
intracellular localization is altered. Remarkably, the pro-
tein has been identified as a specific and abundant cell
surface target in pancreatic ductal carcinoma and sev-
eral other cancers, including ovarian, lung, and prostate
cancer. Thus plectin has emerged as a biomarker for a
number of cancers and it became a candidate for target-
ing therapies in multiple malignancies [33, 34, 36—40].
Therefore, we examined the abundance of cell surface
plectin among U-251 MG and T98G GBM cell lines and
human astrocytes. For the labeling of live cells with pan-
plectin antibody, we followed the same protocol as for
the labeling of plasmalemmal AQP4 aggregates. Puncta,
indicating the presence of surface plectin microdomains
in human astrocytes and U-251 MG cells are depicted in
Fig. 8A and the subplasmalemmal localization of plectin
in these cells is delineated in Fig. 8B. Substantially more
surface plectin microdomains were present in U-251 MG
and T98G cells, six and four times more, respectively,

(See figure on next page.)
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compared with human astrocytes (Fig. 8Ci), while the
diameter of surface plectin microdomains did not differ
among these cell types (Fig. 8Cii). Moreover, the sub-
plasmalemmal localization of plectin in U-251 MG and
T98G cells was significantly more prominent than in
human astrocytes (Fig. 8Ciii) and the released plectin in
the extracellular medium was 1.5 times more abundant
in U-251 MG cells as in human astrocytes (Fig. 8C). In
summary, in the GBM cell lines, plectin conspicuously
relocates toward the cell periphery and the cell surface.
Furthermore, the release of plectin from the GBM cell
line into the extracellular space is enhanced in compari-
son with primary astrocytes. Hence, plectin’s accessibil-
ity at the cell surface could be explored as a diagnostic
marker and potential therapeutic target.

Discussion
In the present study, we demonstrate that the expression
and localization of plectin in brain tumors correlate with
those of AQP4 and that the abundance of plectin on the
extracellular leaflet of the plasmalemma is increased in
glioblastoma cells. Both of these observations have the
potential to become useful in identifying GBMs and in
defining a direct therapeutic target. We identified the
isoforms of plectin that are most abundantly expressed
in astrocytes and describe their localization with regard
to plasmalemmal AQP4 aggregates. Our results reveal
that plectin regulates the size and the abundance of
plasmalemmal AQP4 aggregates and that it affects the
migratory potential of GBM cells through mechanisms
involving cytoskeletal rearrangements and modulation of
cytoplasmic volume dynamics at the astrocyte periphery.
The upregulation of AQP4 expression in brain
tumors has been proposed to modulate human glioma
cell migration, cell invasion, and cerebral edema [47,
54-56]. Previous studies have shown that high-grade
tumors have higher expression of AQP4 than healthy
brain tissue and low-grade tumors [55]. Our study is

Fig. 6 The mobility of astrocytes is plectin dependent. (A) Time-lapse images of Plec”’*p537~ (A,) and Plec”~p537~ (A;) astrocytes, and of U-251
MG GBM cells (A) at 0, 12, and 24 h after the initiation of a wound-healing assay. The cell-free (gap) area is depicted in white. The percentages
indicate the area of the gap area versus the initial gap in the representative images. Scale bars: 200 um. B The closure of the gap over time is shown
for P/ec”*pﬁ’/’ (B), P/ec’/’pSE’/’ (B;), and U-251 MG (By;) cells. The complete closure of the gap was achieved in 25.2+0.9 h for P/ec+/*p53’/’,
29+0.9 h for P/ec’/’p53’/’, and 94.7+0.9 h for U-251 MG cells. Solid lines represent the linear regression of the first four time points (0-12 h). Dotted

lines indicate confidence limits (a=0.05). By,

The collective migration of Plec**p53~~ astrocytes was faster in comparison with Plec” " p537~

astrocytes (**P<0.01; Mann-Whitney U test), which was reflected in the shorter time needed for Plec?’*p53~~ cells to repopulate 50% of the gap
(t),,, *P<0.05; Mann-Whitney U test). B;; The median speed of the collective migration of U-251 MG cells was 3.5+0.1 um/h, and the median
t,,=457%1.1 h.The data were obtained from astrocytes isolated from two Plec*’*p537~ and two Plec™~ p537~ mice, and from U-251 MG cells. C

Graphs depict enhanced mobility of Plec™,

P53~/ astrocytes after forced expression of isoform P1c. Note that the average speed of Plec”"p537/~

cells transfected with P1c was higher than that of Plec*’*p537~ cells in each time period measured; the speed of non-transfected Plec” p537~ cells
(NTC) was the lowest (C)). In line with the velocity measurements, Plec™”~p53~~ NTC migrated over the shortest distance (C;) (*P<0.05; one-way
ANOVA followed by Dunn’s method). The data were obtained from astrocytes isolated from two Plec’*p53~~ and two Plec™~p53~~ mice,

and from U-251 MG cells. Numbers above the boxplots in B denote the number of replicates; C n denotes the number of cells analyzed



Zugec et al. Journal of Biomedical Science (2024) 31:14

y=-3.5x +100.8

y=-1.1x + 1004 N\

Page 14 of 22

% 78 12 2428 0 4 812 2428 0 20 40 60 80 700
Time (h) Time (h) Time (h)
Vig, e Vo0, —* T Viao Vss
1 18 .
—~ 16] —_ 8
< 14 161 44 W < 8 50
€ 14 . — 14 =Plec**p53”" € 35 —
= < mmPlec’p537- = <
512 o 12 =U-251 MG 5 S5
T + 10 R 3 +
10 8 S£30
6 40,
o'f— 0’; 0.0 OL
Ci ii = .
gzs rEgN . . 100 o 140) - 2501 T 380) =,
. * * =5 . — .
N A S 120 300
2201 | ; : 5 80 | 200{ . .
'g . N ko) 100 2501  +
15 s =,
E : % 60 80 150 200
@ 10 s S 40 60 100 150
S 5 ‘ S 20 40 % 100
o ° 20 3 50{=4s
:?:) 0 T T HT & & 8 o T o 0 i = 0 oo *
0-4h 4-8 h 8-12h 12-24h 0-4h 4-8h 8-12h 12-24 h

=Plec*p53”(n = 54)
=Plec’p53”+ P1c (n = 35)
mmPlec’p53NTC (n = 35)

Fig. 6 (Seelegend on previous page.)



Zugec et al. Journal of Biomedical Science (2024) 31:14 Page 15 of 22

A C i Plecp53* Di ” i
5 106 Sl 1
O\O [
';& &\‘1105 g 108 . 201 23 14
g 103 SP RVD > 515
= 102 o 104 9
L 101 = 10
" *- 100 o= 102
32} .
g 99 100 L——— 5L
\§ i Plec”p53* i, = 14 iv
107 40
~106 2 12 @
B 2105 g 10 = 30 14
8104 = 0.8 3 E
=103 = o) ° * S 21
<102 [T &
1= 101 & 04 -
= 10
= 100 0.2 .
929 0o l—— 0!
20 -10 t, 10 20 30 40 50 = Plecp53*
time " time (s) == Plec’p53”
E t, 10s 20s 30s 40s 50s 60s 70s 80s G; i -
. 600, 40 27
o ~ 27
D.. , 8 4001 ¢ s w zg 30
8¢ X 300 3
E L 200 220
= 15
2 g 100 10
F i Plecps3 i Plecp53” 0 95 w ;
300 0oL 5L
RVD RVD :
s M 2 M S
S o .
S 225 S 225 L a0 . .,
2 200 < 200 ® 101y <
X 175 X175 > 08 g %
& 150 & 150 = 06 S 20
125 =125 2 04 Z
100 100 Dy : 10 .
20 t, 20 40 60 80 20 t, 20 40 60 80 0o | . N
time (s) time (s) :

Fig. 7 Plectin deficiency leads to local hypo-osmotic shock-induced changes in cell volume. A Calcein AM loaded Plec*”*p53~~ and Plec”~p537~
astrocytes recorded in iso-osmotic (300 mOsm) (A;;;) and in hypo-osmotic (200 mOsm) conditions. The pseudocolored scale of 0-255
corresponds to fluorescence intensity, with cooler colors (blue) representing lower intensity and hotter colors (red) indicating higher intensity
(and concentration) of calcein. (A;;,) Hypo-osmotic conditions triggered an increase in calcein fluorescence. Scale bar: 20 um. t,, time point

of induction of hypo-osmotic conditions; t,+ 10 s, time point 10 s after induction of hypo-osmotic conditions. B Recording of the fluorescence
intensity of calcein over time in single astrocytes, reflecting the parameters of cell volume changes, i.e., ., (maximal increase in the volume), f,
(normalized baseline volume), t; . (svvelling duration), the (maximal) swelling rate, and tgyp 500 (half-time of RVD). C Representative recordings

of the relative fluorescence changes (F/F,x 100%) in P/ec*/*p53 /- () and P/ec’/’pSS’/’ (C;) astrocytes. Dark gray denotes the swelling phase (SP);
RVD is shaded in light gray. D Changes in the whole-cell volume. Note that the maximum relative fluorescence increase (F,,/Fo X 100%) (D)), T 4y
(D), the swelling rate (Dy), and tpyp,s00 (Dyy) Were similar between Plec**p53~ and Plec”~p537~ astrocytes. E Time-lapse sequences of local
peripheral regions (LPRs). Two LPRs from (A) are shown (marked with arrowheads) displaying changes in the fluorescence intensity of calcein (in
pseudocolors) in Plec**p537~ and Plec™~p537~ astrocytes. Scale bars: 10 um. F Representative recordings of relative cell fluorescence changes
(Frnax/Fox 100%) measured in an LPR of a single P/ec*/*pB’/’ (F) and Plec” " p537/~ (Fy) astrocyte (swelling phase (SP) in dark gray, RVD in light
gray). G Note that the duration of swelling (£ ) was increased (Gy) and the swelling rate (Gy;) of LPR was reduced in Plec” p53~~ compared
with P/ec+/+p53’/’ astrocytes (*P<0.05, Mann-Whitney U test); the maximum relative fluorescence increase (G;) and tgyp,s09, (Gy,) Were similar.
Numbers above the boxplots denote the number of cells (D) and LPRs (G) analyzed
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Fig. 8 U-251 MG and T98G cells express more surface plectin microdomains and have more subplasmalemmal plectin than human astrocytes.

A,_,; DICimages of a human astrocyte (A;_;) and of a U-251 MG cell (A

ivai)

with the corresponding inverted fluorescent micrographs and enlarged

sections below depicting surface plectin microdomains. Cell outlines are shown in black; surface plectin microdomains in inverted fluorescent
micrographs are displayed as black puncta. Arrowheads in A;;, point to demarcated areas that are enlarged in panels below (Ay; ;). Scale

bars: 10 um (enlarged section, 0.5 um). B;

i-vi

Vertically aligned DIC images of a human astrocyte (B_) and a U-251 MG cell (B

i—vi) are shown

with the corresponding inverted fluorescent micrographs of immunolabeled plectin and enlarged sections below depicting intracellular plectin.
Rectangular regions in (B;,) demarcated in white and indicated by arrowheads are enlarged below in By ;. Cell boundaries are outlined in white
and subplasmalemmal areas (the area between the cell outline and the line calculated by reducing the cell area by 10%) are outlined in yellow.

Scale bars: 10 pm (enlarged sections, 0.5 um). C; The density of surface plectin microdomains is lower in human astrocytes compared with U-251

MG and T98G cells (*P < 0.05; one-way ANOVA followed by Dunn’s method), whereas diameters of surface plectin microdomains (C;;) are similar

among all cell types (P=0.623; Kruskal-Wallis test). C;

Subplasmalemmal distribution of plectin in the cytoplasm of human astrocytes, U251 MG

and T98G cells. Note that subplasmalemmal plectin is ~2 times more abundant in U-251 MG and T98G cells than in human astrocytes (*P < 0.05
one-way ANOVA followed by Dunn’s method). G;, Released plectin from cells is depicted as optical density (OD) at 450 nm using rabbit anti-plectin
antiserum #9. U-251 MG cells release approximately 1.5 times more plectin as human astrocytes (**P<0.01; Student’s t test). Data were obtained
from human astrocytes isolated from two donors. Experiments were performed in triplicate. In panels C,_; the numbers above the boxplots are
the number of cells analyzed, while in the panel C;, the numbers represent the number of independent samples

the first to reveal a positive correlation between PLEC
and AQP4 expression in GBM. We speculate that the
observed correlation between increased expression of
AQP4 and plectin might be associated with the reactive
phenotype of astrocytes. Of note, it has been reported

that, similar to IFs, plectin is upregulated in reactive
astrocytes [57, 58].

Moreover, we found that plectin and AQP4 colocalize
in GBM samples, suggesting that the two proteins might
be functionally linked. We could also show that plectin
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is colocalized with plasmalemmal AQP4 aggregates to a
higher degree than GFAP, an isoform of which (GFAP-§)
has previously been proposed as a candidate GBM bio-
marker [59]. The isoform ratio GFAP-8§/GFAP-« corre-
lates with the expression of MAPK phosphatase 2, which
affects cell migration, invasion, and proliferation, and
exhibits high expression in GBMs with poor progno-
sis [59, 60]. It is of interest in this context that we found
the codistribution of plectin with AQP4 to be higher in
GBMs with a low PI and high invasiveness compared
with GBMs with high PI and low invasiveness.

Plectin’s ability to promote cell proliferation and inva-
sion was previously demonstrated in pancreatic ductal
adenocarcinoma, non-small-cell lung cancer, high-grade
epithelial ovarian cancer, prostate cancer, and head and
neck squamous cell carcinoma [20]. However, to the best
of our knowledge, the effect of plectin on GBM migration
has never been studied. Here, we addressed this issue by
(1) identifying which plectin isoforms are expressed in
astrocytes, (2) investigating if plectin affects the distribu-
tion of plasmalemmal AQP4 aggregates that have been
linked to altered migration speed of GBM cells, and (3)
measuring the velocity of collective migration of astro-
cytes expressing, or not expressing, plectin. We demon-
strated that in astrocytes, Plc, Ple, and Plg are the most
abundantly expressed plectin isoforms, in agreement
with the general expression pattern of plectin isoforms
in the CNS [9]. Of the three major isoforms identified in
astrocytes, P1c was the one predominantly found asso-
ciated with plasmalemmal AQP4 aggregates. Whether
this indicates an isoform-specific interaction mechanism
or just reflects that Plc is the isoform most abundantly
expressed in astrocytes remains to be clarified.

Previous studies showed that fewer and smaller OAPs
were observed in glioma cells with higher migratory and
invasive capacity, and an increased number of OAPs
was proposed to promote cell adhesion of GBM cells
[16, 61]. Our results show that U-251 MG cells, which
have been confirmed to express AQP4 [62], express
more plasmalemmal AQP4 aggregates compared with
human astrocytes, even if smaller in size. These results
are in line with the expected higher migratory speed of
GBM cells, which express smaller OAPs [47]. The size
of plasmalemmal AQP4 aggregates, which according to
the literature ranges from 150 to 550 nm [63], depends
on many factors, among which the ratio between the
two major AQP4 isoforms, M1 and M23, has been pro-
posed to play a decisive role, such that a higher M1/M23
ratio leads to smaller OAPs [16, 54, 61]. Thus, we assume
that the smaller size of plasmalemmal AQP4 aggregates
observed in U-251 MG cells is also due to an increased
M1/M23 ratio, even though this point was not specifi-
cally addressed in our study. Of note, the patient’s plasma
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NMO-IgGs represent a group of antibodies that likely
recognize different epitopes of the extracellular region
of AQP4. NMO-IgGs preferentially bind to AQP4 incor-
porated into OAPs, although they can also recognize the
individual AQP4 tetramers [13, 63]. Considering the size
of individual OAPs and the limitations in the resolution
of confocal microscopy, our fluorescent plasmalemmal
AQP4 aggregates may represent individual OAPs, clus-
ters of OAPs, and/or individual AQP4 tetramers.

Positioning of plasmalemmal AQP4 aggregates is also
mediated by interactions between AQP4 tetramers and
several extracellular and intracellular proteins, including
agrin, laminin, and the dystrophin—dystroglycan complex
which binds to F-actin [16, 48, 49]. Plectin is involved in
the regulation of AF dynamics [64], and, as shown for
skeletal muscle, it interacts directly with 3-dystroglycan
via multiple domains and with dystrophin/utrophin via
its ABD [52]; binding to the f{3-dystroglycan/utrophin
complex has also been shown for Schwann cells [17].
Thus, we hypothesized that the dynamics of plasmalem-
mal AQP4 aggregates may be modulated by plectin,
perhaps indirectly, via the 8-dystroglycan/dystrophin
complex. Our findings demonstrate that, in the presence
of functional plectin, astrocytes expressed higher levels of
plasmalemmal AQP4 aggregates that were larger in com-
parison with astrocytes devoid of plectin. Furthermore,
the distribution and bundling of AFs was affected by the
expression of plectin, such that in plectin-deficient astro-
cytes, AFs retracted from the subplasmalemmal region.
Our results are in line with a previous report demonstrat-
ing the interrelationship between AQP4 expression and
organization of AFs in astrocytes, where knocking down
AQP4 expression resulted in depolymerization and rear-
rangement of AFs [64]. While supporting the concept of
AQP4-AF interdependence, our results identify plectin
as a novel partner that through its interaction potential
with AFs and IFs can be crucial for the positioning of
plasmalemmal AQP4 aggregates. A proposed working
model (adapted from ref [48]) reflecting this situation
is shown as (Additional file 2: Fig. S5). The validation of
this model requires further investigation, where studies
involving AQP4 knockout astrocytes could offer crucial
information.

Plectin is an important cytolinker of the cytoskeleton,
mediating the crosstalk of cytoskeletal filament systems
among each other as well as with macromolecular assem-
blies, critical for cell migration, such as focal adhesions
[31]. Therefore, it is not surprising that the depletion of
plectin diminished the migratory speed of astrocytes.
A similar phenotype was reported for fibroblasts [65].
Our results are also in line with previous studies demon-
strating that plectin, together with IFs, is crucial for the
organization and dynamics of the actomyosin network
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[31, 66, 67]. In their study on astrocytes, De Pascalis
et al. [66] reduced plectin expression by siRNA, which
impaired the collective migration of cells. Our results
with primary and plectin-null astrocytes confirm and
extend their findings by offering first insights into astro-
cyte-specific functions of plectin isoforms, in particular
of Plc, the most abundantly expressed astrocytic variant.

In several cell types, including myoblasts, keratino-
cytes, and alveolar epithelial cells, plectin was found to
bind to B-DG [17, 18, 68]. In Schwann cells, where plec-
tin interacts directly with B-DG and vimentin, ablation
of plectin abrogated the tight association of the dystro-
glycan complex with VFs, turning VFs into a sparser net-
work and leading to myelin sheath deformations [17]. We
show now that in plectin-deficient astrocytes, the VF net-
work is also more bundled and sparser and extends more
into the region below the plasma membrane. Bundling of
VFs has been demonstrated to inhibit migration and pro-
liferation of simvastatin-treated cancer cells, indicating
that a flexible VF network promotes cell migration and
that bundling of VFs perturbs the invasive properties of
cells [69].

OAPs have been linked to alterations in migration
speed [47]. AQP4 has adhesive properties and is assumed
to facilitate astrocyte mobility by permitting rapid vol-
ume changes at the leading edges of migrating astro-
cytes [70]. In particular, disintegration of plasmalemmal
AQP4 aggregates and an increased amount of individu-
ally expressed freely mobile M1-AQP4 isoform in the
plasma membrane diffusing into rapidly extending lamel-
lipodial regions could support cell migration [61]. How-
ever, there might be undiscovered mechanisms, beyond
the ratio between M1 and M23 isoforms of AQP4, that
regulate the assembly of the supramolecular plasmalem-
mal AQP4 aggregates [70]. A possible mechanism under-
lying the modulation of plasmalemmal AQP4 aggregates
may be mediated by plectin’s crosstalk with AF and VF
networks and/or via plectin’s direct interaction with the
DG complex.

In a study on a subtype of glial radial cells, AQP4 and
VFEs were reported to colocalize in 100% of the cellu-
lar processes [71]. The interaction between AQP4 and
VFs is mediated by a molecular complex, part of which
is B-DG [49]. Upon brain-selective deletion of the p-DG
gene, most of the superficial AQP4 molecules do not
form OAPs, and AQP4 expression in perivascular endfeet
is compromised [72]. Plectin contributes to stabilization
of the DG complex by anchoring B-DG directly to the
VF network [17]. Given that the lack of plectin expres-
sion in astrocytes induces bundling and redistribution of
VEFs and leads to a reduction in the size and abundance
of plasmalemmal AQP4 aggregates, we propose that the
migratory potential of GBM cells (in which we found the
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expression of plectin to correlate with that of AQP4) is
plectin dependent.

Besides migration of GBM cells within the CNS of
patients with GBM, the development of edema can also
pose a serious complication [73]. Based on the obser-
vation that AQP4 knockout astrocytes exhibit slower
kinetics of cell swelling, AQP4 has been proposed to be
a major regulator of CNS water homeostasis [74]. More-
over, edema has also been linked to increased levels of
AQP4 [49, 55], in part because in brain tumors, water
moves into the brain through a leaky blood—brain bar-
rier via a bulk fluid flow mechanism [13]. Combining
previous findings suggesting that (1) cell-swelling kinet-
ics of astrocytes in hypo-osmotic conditions is affected
by the expression of M1 (AQP4a), M23 (AQP4c), and
AQP4e isoforms [38, 74, 75] and (2) several actin-binding
proteins contribute to the process of cell swelling [76],
we postulate that plectin contributes, at least indirectly,
to the swelling kinetics of immortalized astrocytes. By
employing calcein measurements, we observed no signif-
icant changes in the dynamics of the whole-cell volume
between plectin-expressing and plectin-deficient immor-
talized astrocytes exposed to a hypo-osmolar solution.
However, our measurements revealed a prolonged dura-
tion of swelling and a reduced swelling rate in hypo-
osmotic conditions in localized regions near the cell
periphery of plectin-deficient immortalized astrocytes.
Local thickening of the cell resulted in bleb-like protru-
sions. The mechanisms involved in the regulation of bleb
expansion and retraction involve cytoskeletal elements
(plectin likely plays an important role in this process),
calcium, and cytoplasmic fluidity [77]. AQP4, as the
primary water channel in astrocytes, is predominantly
located in the plasmalemma within OAPs which facili-
tate relatively rapid local water transport [48]. Alterations
in the abundance of plasmalemmal AQP4 aggregates
within blebs, as observed in astrocytes of both, Plec**
and Plec™~ genotypes, potentially might result in local-
ized changes in cell volume. Whether a mechanism such
as this indeed exists remains to be addressed in future
studies.

In line with previous studies on astrocytes, the RVD
immediately followed the swelling phase measured in the
whole cell and in the LPR [38, 75]. Of note, peripheral
position of LPRs in cultured astrocytes was suggested to
roughly correspond to perivascular AQP4-enriched end-
feet in vivo [75]. Thus, the observed difference in LPR
swelling of plectin-expressing and plectin-deficient astro-
cytes points towards an important role of plectin in brain
edema formation. This would be consistent with its pre-
viously suggested role in the maintenance of the struc-
tural and functional integrity of the blood—brain barrier
and pial surface [11, 78].
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In light of plectin’s emerging role as a potential bio-
marker and therapeutic target, based on its cell surface
localization in several cancers [20, 21, 23-27], we inves-
tigated whether plectin should also be considered as a
biomarker of GBM. Showing that U-251 MG and T98G
cells express higher levels of surface plectin in com-
parison with human astrocytes, our data do imply that
plectin could be used as a biomarker and drug delivery
agent in GBM. The detection of plectin at the surface of
U-251 MG and T98G cells is in line with the strongly
increased plectin-specific staining of the plasma mem-
brane in pancreatic and other types of cancer, including
bile duct cholangiocarcinoma, lung adenocarcinoma,
lung squamous cell carcinoma, ovarian cancer, and intes-
tinal type stomach cancer [79]. Also, in certain types of
cancers, the bulk cytoplasmic distribution of plectin is
altered, predominantly redistributing toward the plasma
membrane. This observation was noticed, for example,
in serous cystadenocarcinomas and clear cell epithe-
lial ovarian cancer [21]. In line with these findings, we
detected a higher proportion of plectin near the plasma
membrane of U-251 MG and T98G cells compared with
human astrocytes. Furthermore, in agreement with the
reported release of plectin from various pancreatic ductal
adenocarcinoma cell lines [22], we observed an increased
release of plectin from U-251 M@ cells. While the release
of plectin from pancreatic ductal adenocarcinoma cell
lines has been confirmed to occur via exosomes [22], the
mechanism of plectin release from astrocytes and GBMs
remains to be elucidated. For validating plectin’s potential
as a biomarker of GBMs, it will be essential to investigate
its re-localization within the cytoplasm, assess its surface
expression, and measure the direct release of plectin in
biopsy specimens obtained from GBMs and lower-grade
astrocytomas.

Conclusions

Our study shows that plectin colocalizes with AQP4
and plasmalemmal AQP4 aggregates and regulates
their abundance and size. We found that astrocytes
predominantly express the plectin isoforms Plc, Ple,
and Plg, with Plc being prominently associated with
plasmalemmal AQP4 aggregates and strongly affect-
ing astrocyte mobility. Cells lacking plectin show
greatly reduced mobility. Moreover, we found that the
absence of plectin and the consequent remodeling of
the subplasmalemmal cytoskeleton impair the periph-
eral swelling dynamics of astrocytes. This suggests a
potentially vital role of plectin in ameliorating tumor-
induced edema. This report is the first to demonstrate
the redistribution of plectin toward the plasmalemma
and the cell surface, along with the release of plectin
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from GBM cells. These findings highlight the poten-
tial of plectin as both a biomarker of GBM and a con-
tributor to GBM migration. Hence, our study opens
new possibilities for the more specific identification
of GBMs by targeting plectin, which may represent
a novel therapeutic strategy to prevent or ameliorate
GBM invasiveness.
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