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CHAPTER 4

Abstract
The proteasome is a multisubunit enzyme complex involved in protein degradation,
which is essential for many cellular processes. During inflammation, the constitutive
subunits are replaced by their inducible counterparts, resulting in the formation of the
immunoproteasome.
We investigated the expression pattern of constitutive (β1, β5) and
immunoproteasome (β1i, β5i) subunits using immunohistochemistry in malformations of
cortical development (MCD; focal cortical dysplasia (FCD) IIa and b, cortical tubers from
patients with tuberous sclerosis complex (TSC), and mild MCD (mMCD)). Glial cells in culture
were used to elucidate the mechanisms regulating immunoproteasome subunit expression.
Increased expression was observed in both FCD II and TSC; β1, β1i, β5, and β5i
were detected (within cytosol and nucleus) in dysmorphic neurons, balloon/giant cells,
and reactive astrocytes. Glial and neuronal nuclear expression positively correlated with
seizure frequency. Positive correlation was also observed between the glial expression of
constitutive and immunoproteasome subunits and IL-1β. Accordingly, the proteasome
subunit expression was modulated by IL-1β in human astrocytes in vitro. Expression of both
constitutive and immunoproteasome subunits in FCD II-derived astroglial cultures was
negatively regulated by treatment with the immunomodulatory drug rapamycin (inhibitor
of the mammalian target of rapamycin (mTOR) pathway, which is activated in both TSC and
FCD II).
These observations support the dysregulation of the proteasome system in both
FCD and TSC and provide new insights on the mechanism of regulation the (immuno)
proteasome in astrocytes and the molecular links between inflammation, mTOR activation,
and epilepsy.
Keywords
Immunoproteasome, inflammation, immunohistochemistry, tuberous sclerosis complex,
focal cortical dysplasia, epilepsy, astrocytes, inflammation.
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Introduction
The proteasome is an evolutionarily conserved multicatalytic proteinase complex
representing a major protein degradation system, present in the nucleus and cytoplasm
of eukaryotic cells, that regulates diverse biological processes essential for cell survival 1-4.
The proteolytic complex of the proteasome is represented by a catalytic 20S core particle, a
barrel-shaped complex consisting of four heptameric rings, composed of non-identical α or
β subunits 2, 5, 6. The catalytic activity is restricted to three of the beta subunits β1, β2, and β5,
which have specific cleavage preferences, and are constitutively expressed in most tissues.
Under certain conditions associated with the release of immune-modulatory cytokines (i.e.,
interferon-γ, IFN-γ), a specialized type of proteasome called the immunoproteasome can be
generated by the incorporation of the inducible subunits, β1i (PSMB9; LMP2, low molecular
weight protein 2), β2i (PSMB10; LMP10, MECL-1, multicatalytic endopeptidase complexlike 1), and β5i (PSMB8; LMP7, low molecular weight protein 7) 7, 8. Increasing evidence
supports a key role of the immunoproteasome in the regulation of immune cell function,
including both the adaptive and the innate immune response 9-11. A deregulation of the
immunoproteasome system, with induction of β1i and β5i subunits in the neurons and/or glial
cells, has been reported in neurodegenerative diseases 12-14 (for review, see 15, 16). In particular,
recent studies have pointed to the role of immunoproteasome in glial cells, suggesting a
novel interaction between immunoproteasome and glia-mediated inflammatory response,
resulting in a pro-inflammatory environment14-16. Interestingly, induction of β1i and β5i
subunits has been also observed in specimens of patients with pharmacoresistent mesial
temporal lobe epilepsy (MTLE)17. Moreover, recent experimental data support a role for the
β5i subunit in modulating seizure generation in epileptic tissue, and interestingly, this subunit
was not upregulated in rats exposed to pilocarpine but not developing SE and spontaneous
seizures 18.
In the present study, we investigated the expression and cellular distribution of both
constitutive (β1, β5) and immunoproteasome (β1i, β5i) subunits using immunohistochemistry
in a large cohort of patients with malformations of cortical development (MCD; including
focal cortical dysplasia (FCD) type II and tuberous sclerosis complex (TSC) cortical tubers),
evaluating a possible relationship between changes in the expression of these subunits and
the clinical course of epilepsy. To provide better insights into the mechanisms underlying
the astroglial regulation of immunoproteasome subunits, we studied their expression in
response to IL-1β stimulation in both human foetal astrocytes and FCD-derived cells. Since
both FCD II and TSC are associated with constitutive activation of the mammalian target of
rapamycin (mTOR) pathway 19, 20, we further evaluated the effect of rapamycin (inhibitor of
the mTOR pathway) in FCD II-derived cell cultures.
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Materials and Methods
Subjects
The cases included in this study were obtained from the archives of the Departments of
Neuropathology of the Academic Medical Center (AMC, University of Amsterdam, the
Netherlands), the University Medical Center Utrecht (UMCU, the Netherlands), and the
Medical University Vienna (MUV, Austria). A total of 23 brain tissue specimens, removed
from patients undergoing surgery for intractable epilepsy, were examined. The tissue was
obtained and used in accordance with the Declaration of Helsinki and the AMC Research
Code provided by the Medical Ethics Committee and approved by the committee of the
UMCU Biobank. This study was also approved by the Ethical Committee of the Medical
University of Vienna. All cases were reviewed independently by two neuropathologists, and
the diagnosis of FCD was confirmed according to the international consensus classification
system recently proposed for grading FCD 21. All patients with cortical tubers fulfilled the
diagnostic criteria for TSC 22. None of the FCD patients fulfilled the diagnostic criteria for
TSC. Table 1 summarizes the clinical findings of patients with MCD and epilepsy (6 mild
MCD (mMCD), 5 FCD IIa, 6 FCD IIb, 6 TSC tubers: 4 TSC2/2 TSC1; pre-operative seizure
frequency/month, mean ± SEM: mMCD 19.8 ± 6.7; FCD II 149 ± 68.7; TSC 114.8 ± 24.2);
seizure frequencies were recorded (video-electroencephalographic monitoring) at the time
of the preoperative evaluation. One tuber specimen was obtained postmortem (age 32
years; male; TSC2). Hippocampal specimens from patients with Alzheimer’s disease (AD; n =
4; 3 females and 1 male; Braak stages V and VI, age 81.7 ± 2.8) were also examined as positive
controls. In addition, normal-appearing control cortex and white matter were obtained at
autopsy from six young adult control patients (Table 1), without history of seizures or other
neurological diseases. All autopsies were performed within 24 h after death.
Tissue preparation and immunohistochemistry
Brain tissue from control and MCD patients was fixed in 10 % buffered formalin and
embedded in paraffin. Paraffin-embedded tissue was sectioned at 5 μm, mounted on precoated glass slides (Star Frost, Waldemar Knittel GmbH, Braunschweig, Germany), and used
for histology and immunohistochemistry. One representative paraffin block per case was
sectioned, stained, and assessed. Sections were processed for hematoxylin eosin stainings,
as well as for immunohistochemical stainings for a number of neuronal and glial markers
and antibodies against the constitutive (β1, β5) and immunoproteasome (β1i, β5i) subunits
(Table 2). These antibodies have been extensively tested on human liver and brain tissues
23, 24
, including surgical brain specimens from patients with mesial temporal lobe epilepsy
revealing bands at the expected molecular weight 17 (Supplementary Figure 1). To detect
differences in labeling related to technical variables such as tissue fixation, we also tested
the antibodies in specimens of selected regions (temporal cortex/hippocampus) collected at
autopsy and immediately fixed in formalin for 24 h (same fixation time used for the surgical
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specimens); no differences in the immunoreactivity pattern were observed.
Single-label immunohistochemistry was performed as previously described 25.
Sections were deparaffinated in xylene, rinsed in ethanol (100, 95, and 70 %) and incubated
for 20 min in 0.3 % hydrogen peroxide diluted in methanol. Antigen retrieval was performed
using a pressure cooker in 0.1 M citrate buffer pH 6.0 at 121°C for 10 min. Slides were washed
with phosphate-buffered saline (PBS; 0.1 M, pH 7.4) and incubated overnight with the
primary antibody in PBS at 4 °C. After washing in PBS, sections were stained with a polymerbased peroxidase immunohistochemistry detection kit (PowerVision Peroxidase System,
ImmunoVision, Brisbane, CA, USA). The 3,3’-diaminobenzidine tetrahydrochloride was used
as chromogen. Sections were dehydrated in alcohol and xylene and coverslipped.
Double-labeling of β1, β1i, β5, or β5i with NeuN (neuronal nuclear protein (NeuN;
mouse clone MAB377; Chemicon, Temecula, CA, USA; 1:2000), GFAP (polyclonal rabbit,
DAKO, Glostrup, Denmark; 1:4000, or monoclonal mouse, Sigma-Aldrich, St. Louis, MO,
USA; 1:4000), HLA-I (mouse clone HC-10, 1:200), or HLA-II (mouse anti-human leucocyte
antigen (HLA)-DP, DQ, DR, mouse clone CR3/43; DAKO; 1:400) was performed as previously
described [26]). Sections were incubated with BrightVision poly-alkaline phosphatase
(AP)-anti-rabbit or anti-mouse (Immunologic, Duiven, the Netherlands) for 30 min at
room temperature and washed with PBS. AP activity was visualized with the AP substrate
kit III Vector Blue (SK-5300, Vector Laboratories Inc., CA, USA). To remove the first primary
antibody, sections were incubated at 121 °C in citrate buffer (10 mM NaCi, pH 6.0) for 10 min.
Incubation with the second primary antibody was performed overnight at 4°C. Sections
with primary antibody other than rabbit were incubated with post-antibody blocking from
the Bright-Vision+ system (containing rabbit-α-mouse IgG; Immunologic, Duiven, the
Netherlands). AP activity was visualized with the alkaline phosphatase substrate kit I Vector
Red (SK-5100; Vector Laboratories Inc., CA, USA). Sections incubated without the primary
antibody, with preimmune sera, or with the antibody preincubated with the antigenic
peptide (for the polyclonal β5) were essentially blank.

4

Table 1. Summary of clinical findings of epilepsy patients and controls.
Pathology
type

Number Gender
Mean age
of cases
(M/F) (years/range)

Localization

Mean duration of
epilepsy (years/range)

mMCD

6

5/1

21.5 (19-27)

3 fr / 3 t

17.3 (11-32)

FCD IIa

5

3/2

34.2 (18-45)

4 fr / 1 t

22.4 (14-26)

FCD IIb

6

2/4

33 (21-45)

4 fr / 2 t

24 (15-40)

TSC

6

3/3

7.1 (3-16)

4 fr / 2 t

5.8 (0.8-13)

Controls

14

8/6

27.0 (2-48)

6 fr / 8 t

-

FCD: Focal Cortical Dysplasia; TSC: Tuberous Sclerosis Complex; mMCD: mild malformations of
cortical development; M = male; F = female. fr: frontal; t: temporal.
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Table 2. Immunochistochemistry: primary antibodies
Antigen

Primary Antibody

Source

Dilution

Glial fibrillary acidic
protein (GFAP)

Rabbit polyclonal

DAKO, Glostrup, Denmark

1:4000

Neuronal nuclear
protein (NeuN)

Mouse clone
MAB377

Chemicon, Temecula, CA, USA

1:2000

Phospho-S6 riboSer235/236; rabbit
somal protein (pS6) polyclonal

Cell Signaling Technology, Beverly,
MA, USA

1:50

Interleukin 1β

Santa Cruz Bio., Delaware CA, USA

1:70

*

1:200

Goat polyclonal

MHC class I (HLA A, Mouse clone HC-10
B and C; HLA-I)
MHC class II (HLADP, DQ, DR; HLA-II)

Mouse clone CR3/43 DAKO, Glostrup, Denmark

1:400

Proteasome β1

Mouse monoclonal
IgG1

Enzo Life Sciences/Biomol,
Farmingdale, NY, USA

1:200

Proteasome β5

Rabbit polyclonal

Enzo Life Sciences/Biomol

1:500

Proteasome β1i

Mouse monoclonal
IgG1

Enzo Life Sciences/Biomol

1:200

Proteasome β5i

Mouse monoclonal
IgG1

Enzo Life Sciences/Biomol

1:200

MHC: major histocompatibility complex; * gift from Prof. J. Neefjes, Netherlands Cancer Institute,
the Netherlands

Evaluation of histology and immunohistochemistry
All labeled tissue sections were evaluated by two independent observers for the presence
or absence of various histopathological parameters and specific immunoreactivity (IR) for
the different markers used for the diagnosis of mMCD, FCD subtypes, and TSC tubers. We
also semi-quantitatively evaluated the IR (nucleus and cytoplasm in glial and neuronal cells)
of β1, β1i, β5, and β5i. The intensity of the staining was evaluated using a scale of 0–3 (0:
no; 1: weak; 2: moderate; 3: strong staining). All areas of the lesion were examined, and the
score represents the predominant cell staining intensity found in each case. The frequency
of β1, β1i, β5, or β5i positive cells ((1) rare; (2) sparse; (3) high) was also evaluated to give
information about the relative number of positive cells within the lesion. We also evaluated
intensity and frequency of pS6 and IL-1β staining. As described in previous studies 25-27, the
product of the intensity and frequency scores was taken to give the overall score (total
score; immunoreactivity score (IRS), Table 3). Quantification of signal intensity using ImageJ
software was performed for β1i and β5i subunits (Supplementary Figure 2).
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Cell cultures
Primary foetal astrocyte-enriched cell cultures were obtained from human foetal brain
tissue (14–19 weeks of gestation) obtained from the HIS-Mouse (human immune system
mouse) facility of the AMC, Amsterdam. All materials have been collected from donors from
whom a written informed consent for the use of the material for research purposes had been
obtained by the Bloemenhove Clinic (Heemstede, the Netherlands); these informed consents
are kept together with the medical record of the donor by the clinic. The tissue was obtained
in accordance with the Declaration of Helsinki and the AMC Research Code provided by the
Medical Ethics Committee of the AMC. Cell isolation was performed as described elsewhere
28-30
. Briefly, after the removal of the blood vessels, the tissue was mechanically minced into
smaller fragments and enzymatically digested by incubating at 37°C for 30 min with 2.5 %
trypsin (Sigma-Aldrich; St. Louis, MO, USA). The tissue was washed with incubation medium
containing Dulbecco’s modified Eagle’s medium (DMEM)/HAM F10 (1:1) medium (Gibco,
Life Technologies, Grand Island, New York, USA), supplemented with 50 units/ml penicillin,
50 μg/ml streptomycin, and 10 % foetal calf serum (FCS; Gibco, Life Technologies, Grand
Island, NewYork, USA) and triturated by passing through a 70 μm mesh filter. Cell suspension
was incubated at 37°C, 5 % CO2 for 48 h to let glial cells adhere to the culture flask before it
was washed with PBS to remove excess of myelin and cell debris. Cultures were subsequently
refreshed twice a week. Cultures reached confluence after 2–3 weeks.
Primary FCD astrocyte cultures were derived from a surgical human brain specimen
obtained from a patient with FCD type IIA (age at surgery, 16 years; female; location, frontal;
seizure frequency, thrice per week; duration of epilepsy, 11 years) undergoing epilepsy
surgery at the Department of Pediatrics/Neurosurgery of the Medical University Vienna
(Vienna, Austria). FCD astrocyte cultures were established in the same manner as described
above for foetal cultures.
Secondary astrocyte cultures for experimental manipulation were established by
trypsinizing confluent cultures and sub-plating onto poly-L-lysine (PLL; 15 μg/ml, SigmaAldrich)-precoated 12- and 24-well plates (Costar, Cambridge, MA, USA; 5 × 104 cells/well in
a 12-well plate for RNA isolation and PCR; 2.5 × 104 cells/well for immunocytochemistry). In
the present study, astrocytes were used for analyses at passages 2–4.
Cell cultures were stimulated with human recombinant (r)IL-1 β (PeproTech,
Rocky Hill, NJ, USA; 10 ng/ml) or in some experiments with lipopolysaccharide (LPS; 100
ng/ml; Sigma-Aldrich, St. Louis, USA) for 24 h. Treatment of FCD-derived astrocytes with
rapamycin (100 nM) was started 24 h before and continued during IL-1β stimulation. Cells
were harvested 24 h after stimulation. Viability of human cell cultures was not influenced by
the performed treatments (Supplementary Figure 3).
For immunofluorescent staining of cell cultures, sections were incubated with the
primary antibodies for β1, β1i, β5, or β5i for 1 h at RT, followed by 2 h of incubation at RT
with Alexa Fluor® 568-conjugated antirabbit or Alexa Fluor® 488-conjugated anti-mouse
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IgG (1:200, Molecular Probes, Leiden, the Netherlands) together with Alexa Fluor® 488 or
594 Phalloidin (1:200, Molecular Probes, Leiden, the Netherlands) for counterstaining actin
filaments. Sections were mounted using VECTASHIELD with DAPI (Vector Laboratories
Inc., Burlingame, CA, USA). Fluorescent microscopy was performed using a Leica Confocal
Microscope TSC SP-8X (Leica, Son, the Netherlands) at 40x magnification (bidirectional X,
speed 600 Hz, pinhole 1.00 AU).

RNA isolation and real-time quantitative PCR analysis
For RNA isolation, cell culture material was homogenized in Qiazol Lysis Reagent (Qiagen
Benelux, Venlo, the Netherlands). Total RNA was isolated using the miRNeasy Mini kit
(Qiagen Benelux, Venlo, the Netherlands) according to the manufacturer’s instructions. The
concentration and purity of RNA were determined at 260/280 nm using a NanoDrop 2000
spectrophotometer (Thermo Scientific,Wilmington, DE, USA). To evaluate β1, β1i, β5 or β5i,
and IFNγ mRNA expression, 200 ng of cell-culture-derived total RNA was reverse-transcribed
into cDNA using oligo dT primers. PCRs were run on a Roche LightCycler 480 thermocycler
(Roche Applied Science, Basel, Switzerland) using the following primers: β1 (forward:
accagctcggtttccaca, reverse: cccggtatcggtaacacatc); β5 (forward: gagtctcagtgatggtctgagc,
reverse: actccatggcggaacttg); β1i (forward: accaaccggggacttacc, reverse:
tcaaacactcggttcaccac); β5i (forward: ccctacccacccctgttt; reverse: cacccagggactggaaga); and
IFN-γ (forward: gcaagatcccatgggttgtgt; reverse: ctggctcagattgcaggcata). Quantification of
data was performed using the computer program LinRegPCR in which linear regression
on the log (fluorescence) per cycle number data is applied to determine the amplification
efficiency per sample 31,32. The starting concentration of each specific product was divided
by the geometric mean of the starting concentration of the reference genes (EF1α and
C1orf43), and this ratio was compared between groups.
Statistical analysis
Statistical analyses were performed with GraphPad Prism software (Graphpad Software
Inc., La Jolla, CA, USA). To assess differences in immunoreactivity score between multiple
groups, non-parametric Kruskal-Wallis followed with Mann-Whitney U test was used.
Correlations were assessed using Spearman’s (rho) rank correlation test. For cell culture
data, Mann-Whitney U test was used to asses differences between different conditions.
P<0.05 was assumed to indicate a significant difference.
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Figure 1. β1 proteasome subunit immunoreactivity in control, focal cortical dysplasia (FCD)
type IIa, FCD type IIb, and tuberous sclerosis complex (TSC).
Panels A & B (control) show weak immunoreactivity (IR) in both the cortex (A insert: neuron with weak
expression of β1 subunit) and white matter (B: not-detectable glial expression). Panel C (FCD IIa) shows
positive dysmorphic neurons (arrows; insert: high magnification) and glial cells (arrow heads). Panels
D & E (FCD IIb) show several β1 positive cells within the cortex (D) and white matter (E), including the
dysmorphic neurons (arrows in D), glial cells (arrow heads and insert in D) and balloon cells (arrows
in E; prominent nuclear expression; insert: high magnification). Panels F & G (TSC tuber): β1 subunit
expression is observed within the tuber in dysmorphic neurons (arrows in F; insert a: co-localization
with the neuronal marker NeuN; insert b, co-localization with GFAP), glial cells (arrow heads in F) and
in giant cells (asterisk (G); insert: co-localization with GFAP). Additional examples of the different cell
types at higher magnification in separate specimens. The inserts within panels show imagines of the
different cells types at higher magnification in separate specimens. Scale bar in G: A–C, E–F: 80 μm;
D–G: 40 μm

127

CHAPTER 4

Results
Case material and histological features
The clinical features of the cases included in this study are summarized in Table 1. All
operated patients had a history of chronic pharmacoresistant epilepsy. In this study, we
included patients with mild degree of cortical dysplasia (mMCDs 33). Age at surgery, seizure
duration, and seizure frequency were not statistically different between patients with FCD
II and mMCD in this cohort, as well as between the FCD IIa and FCD IIb cases included in
our cohort. Accordingly to the international consensus classification system of FCD21, FCD
II represents isolated focal lesions with architectural and dysmorphic abnormalities (FCD IIa
with dysmorphic neurons only; FCD IIb with dysmorphic neurons and balloon cells; Fig. 1, 2,
3, & 4C-E). TSC patients were younger compared to mMCD and FCD patients. All six TSC
tubers displayed similar histopathological features, including loss of lamination, astrogliosis,
dysmorphic neurons, and giant cells with pale eosinophilic cytoplasm 34 (Fig. 1, 2, 3, & 4F, G).
Proteasome subunit expression in FCD and cortical tubers
Expression of β1, β1i, β5, and β5i was observed in FCD, cortical tubers, and mMCD specimens
(Fig. 1, 2, 3, & 4; Supplementary Figure 2 & 4). We observed differences in the expression level
as well as in the cell-specific and subcellular distribution of the different subunits (Table 3).
Constitutive proteasome catalytic subunit β1 and β5
Moderate expression of β1 and β5 subunits was observed in human control cortical
specimens (Fig. 1A, B & 3A, B; Table 3). Nuclear neuronal expression was detected for β5 in
MCD specimens (Table 3; Supplementary Figure 4E); whereas only cytoplasm expression
was detected in specimens from patients with Alzheimer’s disease for both subunits
(Supplementary Figure 4B, F). Increased expression of both constitutive subunits was
observed in FCD and TSC specimens (Fig. 1C-G & 3C-G; Table 2). In the large majority of
FCD and TSC cases, β1-IR was detected in the cytoplasm and nucleus of neuronal and glial
cells (Fig. 1C-G; Table 3). β1 was also detected in the balloon (FCD IIb; Fig. 1E) and giant cells
(TSC; Fig. 1D). FCD and TSC specimens displayed also strong β5-IR with prominent nuclear
expression in both neuronal and glial cells, as well as in the balloon (FCD IIb) and giant cells
(TSC; Fig. 3C-G; Table 3). A similar pattern was detected in the postmortem TSC case;
double-labeling experiments confirmed the co-localization with astroglial and neuronal
markers within the dysplastic area for both subunits in FCD and TSC specimens (Fig. 1F-G
& 3G).
Immunoproteasome subunits β1i and β5i
In the large majority of control (Fig. 2A, B & 4A, B) and mMCD (Supplementary Figure
4C, G) specimens, the immunoproteasome subunits β1i and β5i were under the detection
levels in both neuronal and glial cells (Table 3). β1i and β5i were consistently high in FCD
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Figure 2. β1i proteasome subunit immunoreactivity in control, focal cortical dysplasia (FCD)
type IIa, FCD type IIb, and tuberous sclerosis complex (TSC).
Control cortex (A) and with matter (B) with weak β1i expression (insert in A: negative neuron, high
magnification). Panel C (FCD IIa) shows strong expression within the dysplastic region with positive
dysmorphic neurons (arrows; inserts: a nuclear expression; b cytoplasmic expression) and glial cells
(insert c). Panels D & E (FCD IIb) show several β1i-positive cells within the cortex (D) and white matter
(E), including dysmorphic neurons (arrow in D), glial cells (arrow heads D & E), and balloon cells (arrows
in E; nuclear and cytoplasmic expression; insert: co-localization with the pS6). Panels F & G (TSC
tuber): β1i subunit expression is observed within the tuber in dysmorphic neurons (F arrows, nuclear
expression; arrow head, cytoplasmic expression; insert a in F: co-localization with the neuronal marker
NeuN; insert b in F: co-localization with the pS6; insert c: co-localization with HLA-II), glial cells (insert
b in G), and in giant cells (arrows in G; insert b: co-localization with GFAP; insert c: co-localization with
HLA-I). The inserts within the panels show images of the different cell types at higher magnification in
separate specimens. Scale bar in G: A-C: 80 μm; D-G: 40 μm.
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and TSC specimens (Table 3; Supplementary Figure 2) with strong cytoplasmic and
nuclear IR in neuronal and glial cells, in both surgical postmortem TSC specimens (whereas
only cytoplasmic expression was detected in glial cells in specimens from patients with
Alzheimer’s disease for both β1i and β5i subunits; Supplementary Figure 4D, H). A similar
pattern with strong expression in FCD and TSC specimens was observed using in situ
hybridization (Supplementary Figure 5). Double-labeling experiments confirmed the colocalization with astroglial and neuronal markers, as well as with major histocompatibility
complex (MHC) class I (HLA-I; in few balloon/giant cells and in dysmorphic neurons) within
the dysplastic area for both subunits in FCD and TSC specimens (Fig. 2 & 4F, G). In regions
with prominent activation of microglia, IR for both β1i and β5i was also observed in cells of
the microglia/macrophage lineage (HLA-II; Fig. 2 & 4). The balloon (FCD IIb; Fig. 2E) and
giant cells (TSC; Fig. 4G) displayed β1i and β5i IR as well (Table 2). Co-localization was
observed for both β1i and β5i with pS6 (Fig. 2 & 4). β1i and β5i expression in neurons was
positively associated with pS6 expression within our MCD cohort (β1i cytoplasm, r=0.5905,
p=0.030; β1i nucleus, r=0.6244, p=0.0014; β5i cytoplasm, r=0.4510, p=0.0065). A positive
correlation was detected between β1i and β5i expression in neurons and glial cells and IL1β IRS within the dysplastic region (neuronal β1i cytoplasm, r=0.4287, p=0.0413; neuronal
β1i nucleus, r=0.5090, p=0.0131; glia β1i cytoplasm, r=0.5298, p=0.0093; glia β1i nucleus,
r=0.6091, p=0.0003; neuronal β5i cytoplasm, r=0.7322, p=0.001; glia β5i cytoplasm, r=0.7005,
p=0.001; glia β5i nucleus, r=0.4210, p=0.0455).

Immunoproteasome subunit expression and clinical features
We found no statistically significant association between the IRS of β1, β1i, β5 or β5i, and
clinical features, such gender, age at surgery, location of the lesion, or duration of epilepsy.
However, a positive correlation was observed between nuclear glial and neuronal subunit
expression and the pre-operative seizure frequency (β1 and β1i neuron τ=0.639 and τ=0.633,
p<0.001; β1 and β1i glia τ=0.479, p=0.005 and τ=0.65, p<0.001; β1 and β1i neuron τ=0.550,
p=0.004 and τ=0.417, p=0.016; β1 and β1i glia τ=0.570, p=0.001; τ=0.586, p=0.001).
Regulation of immunoproteasome subunit expression in human glial cells in culture
Since IL-1β is known to be strongly upregulated in FCD and TSC human brain specimens
27, 34, 35
and to play a key pathogenic role in human epilepsy (for review, see 20, 36; we also
investigated whether this inflammatory cytokine could play a role in the regulation of the
expression and cellular localization of immunoproteasome subunits. qPCR analysis of
astrocyte-enriched human foetal cell cultures demonstrated that exposure to IL-1β did not
modify the expression of the constitutive subunits (Fig. 5A, D) but did consistently increase
the expression of both immunoproteasome subunits β1i and β5i (Fig. 5B, E), increasing
the β1/β1i and β5/β5i ratios (Fig. 5C, F). Treatment with LPS, also a potent inducer of the
immune response, gave comparable results (Fig. 5). Exposure to IL-1β and LPS did not
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4

Figure 3. β5 proteasome subunit immunoreactivity in control, focal cortical dysplasia (FCD)
type IIa, FCD type IIb, and tuberous sclerosis complex (TSC). Panels A & B: (control) show the
weak immunoreactivity in both the cortex (A insert: neuron) and white matter (B not detectable glial
expression). Panel C (FCD IIa) shows positive dysmorphic neurons (arrows; insert: high magnification,
nuclear expression). Panels D & E (FCD IIb) show several β5 positive cells within the cortex (D) and
white matter (E), including dysmorphic neurons (arrows in D and insert, nuclear and cytoplasmic
expression), glial cells (arrow heads and insert in D), and balloon cells (asterisk in E; insert: high
magnification, with prominent nuclear expression). Panels F & G (TSC-tuber): β5 subunit expression
is observed within the tuber in dysmorphic neurons (arrows in F; insert b in panel G: co-localization
with the neuronal marker NeuN; insert c in panel G, co-localization with GFAP) and in giant cells (arrow
in G and insert a; insert b: co-localization with NeuN; insert c: expression in glial cells, co-localization
with GFAP). The inserts within panels show images of the different cell types at higher magnification
in separate specimens. Scale bar in G: A-C, G: 80 μm; D-F: 40 μm.
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significantly affect the expression of IFNγ in these cultures. Immunohistochemistry showed
a translocation of the β1i and β5i subunits, shifting from cytoplasmic to perinuclear-nuclear
expression following IL-1β treatment (Fig. 6D, H).

Effects of rapamycin on proteasome subunit expression in FCD II-derived astrocytes
Since both FCD II and TSC are associated with constitutive activation of the mTOR
pathway 19,20, we investigated whether the canonical and allosteric mTOR kinase rapamycin
modulates the immunoproteasome in cell cultures derived from FCD II specimens. Western
blot analysis confirmed that 100 nM rapamycin reduced the phosphorylation of S6 (pS6) in
human astrocytes, an indicator of mTOR activation (Supplementary Figure 3). Pretreatment
with 100 nM rapamycin reduced the mRNA expression of β1 and β1i subunits under both
unstimulated and stimulated conditions (Fig. 7A, B). β5 and β5i expression was reduced by
rapamycin in the presence of IL-1β (Fig. 7C, D). Immunocytochemical analysis of these FCD
cells confirmed the negative modulation of proteasome subunits by rapamycin (Fig. 8).
Discussion
The present study reports in detail the expression pattern and cellular localization of the
constitutive and immunoproteasome subunits in FCD II and TSC cortical tubers and mMCD.
The cell-specific distribution of proteasome subunits in relation with the epileptogenicity of
these developmental lesions as well as their regulation in human astrocytes is discussed in
the following paragraphs.
Proteasome subunits expression in malformations of cortical development:
prominent expression in FCD II and TSC
Our data show prominent expression of both constitutive and immunoproteasome subunits
in MCD, such as FCD and TSC, associated with the mTOR pathway. In all the FCD II and
TSC specimens examined, the IR for β1, β1, β5, and β5i was increased within the dysplastic
regions where prominent gliosis and the presence of dysmorphic neurons and balloon or
giant cells (in FCD IIb and TSC, respectively) was observed. Constitutive and particularly
immunoproteasome subunits displayed increased expression compared to control but also
compared to mMCD specimens from patients with chronic epilepsy. These results indicate
that increased expression of proteasome subunits is not simply an effect of seizure activity;
moreover, the duration of epilepsy in mMCD cases did not differ from FCDs and was even
longer compared to TSC cases. However, a positive correlation was observed between
nuclear glial and neuronal proteasome subunit expression and the pre-operative seizure
frequency. We acknowledge limitations to the interpretation of these results; therefore, an
evaluation of the real biological contribution of proteasome subunit expression to seizure
generation and frequency deserves further investigation in experimental models.
Several proteasome subunits show nuclear localization signaling 37, and previous
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Table 3 Immunoreactivity of β1, β1i, β5, and β5i proteasome subunits in the cortex
(Dysmorphic) neurons
β1

β1i

β5

β5i

Glia

Balloon / Giant cells

cytoplasm

nucleus

cytoplasm

nucleus

cytoplasm

nucleus

Control

2 (2-3)

0

0 (0-1)

0

-

-

mMCD

2^°~

1 (1-2)*°~

0^°~

0°~

-

-

FCDIIa

5 (4-9)*

1 (1-2)*°

2.5 (2-4)*

2.5 (2-4)*°

-

-

FCDIIb

7.5 (3-9)*

6 (3-6)*

4 (3-6)*

5 (4-6)*

3.5 (3-6)

6 (4-9)

TSC

6.5 (4-9)*

5 (4-9)*

7.5 (4-9)*

7.5 (4-9)*

6 (3-9)

9 (6-9)

Control

0 (0-1)

0 (0-1)

1 (0-1)

0 (0-2)

-

-

mMCD

0^°~

0^°~

0 (0-1)^°~

0^°~

-

-

FCDIIa

3 (2-4)*

4 (3-6)*~

3.5 (3-4)*

3 (3-6)*~

-

-

FCDIIb

4 (2-4)*

6 (3-9)*

6 (3-9)*

5 (3-6)*

4 (3-4)

7.5 (3-9)

TSC

3.5 (2-6)*

6 (4-9)*

5 (3-9)*

5 (2-9)*

4 (3-6)

7.5 (4-9)

Control

1 (0-1)

1 (0-1)

0

0 (0-1)

-

-

mMCD

0°~

6*^

0°~

0^°~

-

-

FCDIIa

3.5 (2-4)*~

7.5 (6-9)*

1.5 (0-2)*~

2.5 (1-4)*~

-

-

FCDIIb

6 (4-6)*°

9 (6-9)*

3.5 (3-4)*

6 (4-9)*°

4 (3-6)

9 (6-9)

TSC

3.5 (3-4)*

7.5 (6-9)*

2.5 (2-4)*

2.5 (2-4)*

6 (4-9)

9 (6-9)

Control

0

0

0 (0-1)

1 (1-2)

-

-

mMCD

0°

0^~

0 (0-1)°~

0°~

-

-

FCDIIa

0°

1.5 (1-4)*

0 (0-2)°

0 (0-2)~

-

-

FCDIIb

0 (0-1)°

4 (3-6)°

2.5 (1-3)°

3 (1-6)

0 (0-1)°

6 (4-6)°

TSC

6 (4-9)*

0.5 (0-1)

6 (4-9)*

1.5 (1-2)*

9 (6-9)

0.5 (0-1)

4

Immunoreactivity score (IRS) is given as median (minimum-maximum). IRS is defined as intensity
score multiplied by frequency score (see methods). *, different compared to controls; °, different
compared to TSC; ^, different compared to FCDIIa and ~, different compared to FCDIIb, p<0.05.
Kruskall-Wallis test followed by Mann-Whitney U test.

studies in the human brain indicate that proteasomes are expressed in both cytoplasm and
nuclei of different cell types, including glial and neuronal cells 24, 38. Immunoproteasome
expression restricted to nuclei of astrocytes has been reported in the brain after an
infection with lymphocytic choriomeningitis virus, suggesting involvement of the nuclear
envelope in the compartmentalization of immature proteasome precursors 39. Whether
the nuclear proteasome subunits represent (as suggested by Kremer et al. 39) immature
proteasome precursors or are proteolytically active remains still to be investigated. The
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Figure 4. β5i proteasome subunit immunoreactivity in control, focal cortical dysplasia (FCD)
type IIa, FCD type IIb, and tuberous sclerosis complex (TSC).
Panels A & B: control cortex (A) and with white matter (B) with weak β5i expression. Panel C (FCD IIa)
shows expression within the dysplastic region with positive dysmorphic neurons (arrows and insert,
nuclear expression) and glial cells (arrow heads). Panels D & E (FCD IIb) show several β5i-positive cells
within the cortex (D) and white matter (E), including dysmorphic neurons (arrow in D), glial cells (arrow
heads in D & E; insert in E), and balloon cells (arrows in E; insert: co-localization with pS6). Panels F &
G (TSC-tuber): strong β5i subunit expression is observed within the tuber in dysmorphic neurons (F
arrows and inserts a; and b; b co-localization with the neuronal marker NeuN; c co-localization with
the pS6), glial cells (arrows in G; insert in G, co-localization with GFAP), and in giant cells (arrows in H;
insert: co-localization with HLA-I). The inserts within the panels show images of the different cell types
at higher magnification in separate specimens. Scale bar in H: A-C 80 μm; D-H 40 μm.
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nuclear proteasome subunit accumulation may reflect the induction of the proteasome
system under conditions associated with cell injury and inflammation with the possibility
of nucleo-cytoplasmic transfer in cells, as glial cells, undergoing cell division or during
apoptosis37. However, the β1i subunit in the nuclear-enriched fraction has also been detected
in its catalytically active form 40, and several studies indicate a possible functional role of
the immunoproteasome in transcriptional regulation 41-43. The expression pattern, either
nuclear or cytoplasmic proteasome expression, can be influenced by the type and duration
of fixation37. However, similar pattern was observed in surgical and postmortem TSC brain
tissue.
One of the major regulatory factors of immunoproteasome induction is
inflammation 43,44. Several studies confirmed the occurrence of complex inflammatory
changes, involving both glial and neuronal cells, and the activation of the IL-1β pathway,
particularly in FCD II andTSC 20,34,45-48.Thus, the pro-inflammatory environment may contribute
to the activation of the proteasome system, particularly to the induction and expression of the

4

Figure 5. Effects of IL-1β and LPS stimulation on immunoproteasome subunit expression in
cell culture.
Quantitative real-time PCR of proteasome expression in human foetal astrocytes after the 24 h
exposure to IL-1β (10 ng/ml) or LPS (100 ng/ml). A, B, D & E Stimulation with IL-1β or LPS increased
expression of the β1i (B) and the β5i (E) subunits compared to control, but not of the constitutive β1 (A)
and β5 (D) subunits. C & F Stimulation with either IL-1β or LPS increased the β1i/β1 (C) and the β5i/β5
(F) ratios. Data are expressed relative to the levels observed in untreated cells and are mean ± SEM (n
= 5). **p<0.01, ***p<0.001 compared to control, Mann-Whitney U test
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Figure 6. Effects of IL-1β stimulation on
proteasome subunit expression in astrocytes
in cell culture.
Expression of β1 (A & B; green), β1i (C & D;
green), β5 (E & F; red), and β5i (G & H; green)
in unstimulated human foetal astrocytes (left
panels) and in astrocytes after exposure to IL-1β
(24 h; 10 ng/ml, right panels); increased expression
of all subunits was observed. A translocation of
particularly the β1i and β5i subunits, shifting from
cytoplasmic to perinuclear-nuclear expression
following IL-1β treatment was observed. Cells
were counterstained with phalloidin (actin
filaments; red in A-D and G-H, green in E & F) and
diamidino-2- phenylindole, DAPI (nuclei; blue).
Scale bar in A: 15 μm.
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immunoproteasome subunits. Accordingly,
our in vitro studies in human astrocytes and
FCD cultures indicate that IL-1β treatment
increases the induction of, in particular, the
immunoproteasome subunits β1i and β5i,
with the increase of their perinuclear-nuclear
localization. This observation supports the
role of astrocytes as targets of regulation
of the immunoproteasome under various
conditions associated with the activation
of the IL-1β pathway16 and indicates that
proinflammatory cytokines, other than
IFNγ, may regulate immunoproteasome
expression. Activation of inflammatory
pathways, including IL-1β, may also play a
role in the regulation of immunoproteasome
expression in other cell types, such as
neurons. Accordingly, we found a positive
correlation between the expression of
immunoproteasome subunits in both glial
and neuronal cells and the expression of IL-1β
within the dysplastic area in FCD II and in TSC
specimens. Moreover, increasing evidence
supports the role of the immunoproteasome
in the activation of the NF-kB pathway,
modulation of pro-inflammatory cytokine
production, and oxidative stress response 9,
43, 49-52
. Induction of the β5i subunit has also
been shown in vivo following activation of
the Toll-like receptor 4 (TLR4)-mediated NFkB signaling pathway by LPS53. Thus, we may
speculate about the existence of a reinforcing
feedback loop between NF-kB pathway and
the immunoproteasome system, which
may play a crucial role in perpetuating the
proepileptogenic inflammatory response in
epilepsy. Interestingly, Mishto et al. 18 provide
additional experimental evidence of the
regulation of β5i subunit by TLR4 signaling in
epileptogenic tissue.
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The immunoproteasome is known to improve MHC class I (MHC-I) antigen
presentation and has been suggested to have a central function at the interface between the
innate and adaptive immune system (reviewed in 11). Interestingly, FCD II and TSC specimens
are characterized by prominent activation of both innate and adaptive immune responses
(for review, see 20, 36). Moreover, recent studies provide evidence of an upregulation of MHC-I,
involving also balloons/giant cells and neurons, in both FCD II and TSC specimens54.
FCD II and TSC cases are characterized by architectural or cellular changes
associated with mTOR pathway activation 20,21. The innate and adaptive immune responses
have also been shown to be influenced by the mTOR pathway55-57. Moreover, the mTOR
complex 1 (mTORC1) has been identified as a key regulator of autophagy 58, 59, a pathway
which is defective in FCD II and TSC 60. Increasing evidence indicates a strong relationship
with tight coordination between the autophagy and the proteasome system 61. Thus, we
cannot exclude a role of mTOR in the regulation of the proteasome system, including
immunoproteasome subunit expression. Accordingly, we observed a positive correlation

4

Figure 7. Effects of rapamycin on proteasome subunit expression in astrocytes derived from
FCD type II.
Quantitative real-time PCR of proteasome expression in human FCD cells after 48 h treatment
with 100 nM rapamycin, under basal and stimulated (IL-1β, 10 ng/ml) conditions. A & B, Treatment
with rapamycin decreased the expression of β1 (A) and β1i (B) subunit, both in the basal and under
stimulated conditions. C & D, Treatment with rapamycin decreased the expression of β5 (C) and β5i
(D) subunit under stimulated, but not in basal conditions. Data are expressed relative to the levels
observed in untreated cells and are mean ± SEM (n = 5). *p<0.05, **p<0.01 compared to control,
Mann-Whitney U test.
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between immuno-proteasome subunit
expression in neurons and pS6 expression,
indicating the activation of the mTOR signal
transduction pathway. The relationship
between mTOR and proteasome system is
also supported by the in vitro experiments
showing that inhibition of the mTOR
pathway by the potent allosteric mTORC1
inhibitor rapamycin was able to reduce the
level of expression of inducible proteasome
subunits in FCD-derived cells. This is in
agreement with a recent study showing
reduction of the immunoproteasome by
rapamycin in H9c2 cells as well as in mouse
heart in vivo 62. Evaluation of the possible
effect of rapamycin on the expression of the
brain immunoproteasome in vivo deserves
further studies and is presently under
investigation63.

Figure 8. Effects of rapamycin treatment on
proteasome subunit expression in FCD type
II derived cells.
Expression of β1 (A & B; green), β1i (C & D;
green), β5 (E & F; red), and β5i (G & H; green) in
untreated FCD cells (left panels) and in FCD cells
after 48 h of treatment with 100 nM rapamycin
(right panels). Expression of all subunits was
decreased after treatment with rapamycin.
Cells were counterstained with phalloidin (actin
filaments; red in A-D and G & H, green in e and
f) and diamidino-2-phenylindole, DAPI (nuclei;
blue). Scale bar in A: 15 μm
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Immunoproteasome inhibition as therapeutic strategy?
An example of the possible use of inhibition
of the immunoproteasome as therapeutic
strategy in epilepsy is represented by the
study of Mishto and colleagues18 in which
specific inhibition of the β5i subunit by ONX091464 resulted in prevention, or significant
delay, of 4-aminopyridine-induced seizurelike events in acute rat hippocampal/
entorhinal cortex slices, particularly in
slices of epileptic rats. Clinically approved
proteasome inhibitors targeting the
catalytic activity of both the constitutive
proteasome and the immunoproteasome
have been already used in hematological
malignancies 65-67. New-generation small
molecules specifically targeting the
immunoproteasome are under clinical
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development and have been already evaluated in a large variety of animal models of
autoimmune diseases and proposed as novel therapeutic approaches for patient with
multiple sclerosis, as well as in neurodegenerative diseases (for reviews, see 16, 68, 69).
However, recently alternative functions for the immunoproteasome have also been
considered, suggesting that the induction of the immunoproteasome may also play a role
in neuronal protection and repair after injury, contributing to the preservation of cell viability
upon cytokine-induced oxidative stress 49, 70, 71, which is known to be increased within the TSC
tubers 72. In particular, evidence has been provided that the immunoproteasome plays a role
in the clearance of damaged proteins accumulating upon inflammation or oxidative stress
(for review, see 49), which are also detected in TSC and FCD 73. Accordingly, the formation
of aggresome-like-induced structures and increased sensitivity to apoptosis has been
reported in immunoproteasome deficiency in cells and in a murine inflammation model49,71.
Additional studies support alternative physiological function of the immunoproteasome
subunits, including also cell proliferation, cell signaling, and synaptic remodeling (for review,
see 49,74,75). Thus, an effective therapeutic intervention based on the immunoproteasome
has to take into consideration the preservation of the potential beneficial functions of its
activation, particularly during brain development.

4

Concluding remarks
One important question is whether the activation of the immunoproteasome system in
the brain tissue may per se be responsible for an increased susceptibility to seizure activity
observed in FCD and TSC. As discussed above, experimental studies in the hippocampal/
entorhinal cortex slices suggest that the pharmacological inhibition of the β5i subunit may
modulate seizure activity. Whether these findings can be translated to other experimental
models, including models of FCD and TSC, deserves further investigation.
To conclude, our observations support the occurrence of a prominent deregulation
of the proteasome system in MCD. In particular, the induction of immunoproteasome
subunits in both glial and neuronal cells appears to be a feature of FCD II and TSC and
may represent an important accompanying feature of the immune response in these
developmental lesions. Therefore, understanding the role of the immunoproteasome in
epilepsy-associated pathologies may have great importance in view of the development of
new therapeutic strategies.
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Supplementary Methods
Flow cytometric analysis
Viability of cell cultures was determined by flow cytometric analysis using Fixable Viability
Dye eFluor® 780 (eBioscience, San Diego, CA, USA). Flow cytometric analysis of stained cells
was performed using a FACSCanto Flow Cytometer equipped with FACSDiva software (BD
Biosciences) and data analysis was performed using FlowJo 7.6 (FlowJo LLC, Ashland, OR,
USA).
Western blot analysis
Frozen surgical hippocampal specimens or cells in culture were homogenized in lysis buffer
containing 10 mM Tris (pH 8.0), 150 mM NaCl, 10% glycerol, 1% NP-40, 0.4 mg/ml Naorthovanadate, 5 mM EDTA (pH 8.0), 5 mM NaF and protease inhibitors (cocktail tablets,
Roche Diagnostics, Mannheim, Germany). Protein content was determined using the
bicinchoninic acid method. For electrophoresis, equal amount of proteins (50 μg/lane) were
separated by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 12%
acrylamide). Separated proteins were transferred to nitrocellulose paper by electroblotting
for 1 h and 30 min (BioRad, Transblot SD, Hercules, CA). After blocking for 1 h in TBST (20
mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.5)/5% non-fat dry milk, blots were incubated
overnight at 4°C with the primary antibodies (Table 2; proteasome β1, 1:1000; proteasome
β1i, 1:1000; proteasome β5, 1:2500; proteasome β5i, 1:1000; β-actin, mouse monoclonal,
Sigma, St. Louis, MO; 1: 10,000; β-tubulin, mouse monoclonal, Sigma, St. Louis, MO; 1:
2000). After several washes in TBST, the membranes were incubated in TBST / 5% non-fat
dry milk, containing the goat anti-rabbit or rabbit anti-mouse antibodies coupled to horse
radish peroxidase (1:2500; DAKO, Denmark) for 1 h. After washes in TBST, immunoreactivity
was visualized using ECL PLUS western blotting detection reagent (GE Healthcare Europe,
Diegen, Belgium).
Quantification
The images were captured with an Olympus microscope (BX41, Tokyo, Japan) equipped with
a digital camera (DFC500, Leica Microsystems-Switzerland Ltd., Heerbrugg, Switzerland).
A total set of 6 images from 6 different cases were collected per pathology. Fiji (ImageJ2)
was used for image processing. In a first step colour deconvolution (RGB colour space) was
performed in order to separate positive cells from background according to the following
channel parameters: red: 0.21408768, green: 0.8171735, blue: 0.4782719. Then a threshold
(233) was applied and subsequently the images were converted to 8 bit gray-scale. The
positive pixels/total assessed pixels, indicated as staining percentage area and intensity was
calculated.
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In situ hybridization
In situ hybridization for β1i and β5i was performed using double digoxygenin (DIG) -labeled
custom LNA oligonucleotides (Exiqon A/S, Denmark; see supplementary Table 1). The
hybridizations were done on 5 µm sections of paraffin embedded materials as previously
described 1.The probes were hybridized at 56°C for 1 hour and the hybridization was detected
with alkaline phosphatase (AP) labeled anti-DIG (Roche Applied Science, Basel, Switzerland).
NBT (nitro-blue tetrazolium chloride)/BCIP (5-bromo-4-chloro-3’-indolyphosphate
p-toluidine salt) was used as chromogenic substrate for AP. Negative control assays were
performed without probes (sections were blank).
Supplementary References
1. Prabowo AS, van Scheppingen J, Iyer AM, Anink JJ, Spliet WG, van Rijen PC, et al.
Differential expression and clinical significance of three inflammation-related microRNAs in
gangliogliomas. J Neuroinflammation 12: 97.(2015).
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Supplementary Figures

Supplementary Figure 1. Representative immunoblot analysis
Total homogenates were used from (n=3) surgical hippocampal specimens; β-subunits (β1, ~ 25 kDa;
β1i,~ 22 kDa; β5, ~ 25 kDa; β5i, ~ 25 kDa; β-actin ~ 42 kDa).
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Supplementary Figure 2. β1i and β5i intensity signal in control, mMCD, FCDII and TSC
FCD: Focal Cortical Dysplasia; TSC: Tuberous Sclerosis Complex; mMCD: mild malformations of
cortical development.

Supplementary Figure 3. Effect of the different treatments on foetal astrocyte cell cultures
(A) Scatterplots of eFluor viability dye staining as analyzed by flow cytometry after different treatments.
(B) Quantification of viable cells based on eFluor viability staining. Neither treatment with IL-1β nor
rapamycin negatively influenced viability of cell cultures. (C) Western blot analysis showed effective
reduction of phosphorylated S6 after 24 hours of 100 nM rapamycin treatment. FSC: forward scatter.
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Supplementary
Figure
4. Proteasome subunit
immunoreactivity (β1, β1i
β5 and β5i) in mild MCD
(mMCD) and in Alzheimer’s
disease (Alz)
Panels A,C,E,G: mMCD. (A)
low β1 expression (insert:
high magnification of a
neuron, with light nuclear
expression). (C) low β1i
expression (insert: high
magnification of a neuron).
(E) nuclear expression of β5
(arrows; neuron in insert). (G)
low β5i expression (neuron
in insert). Panels B, D, F,
H (Alz; hippocampus). (B)
β1 expression in neurons
(CA1; arrows, cytoplasmic
expression) and around
amyloid plaques (arrow
heads); (D) β1i expression in
glial cells (arrows, cytoplasmic
expression). (F) low β5
expression in neuronal cells
(arrows). (H) β5i expression in
glial cells (arrows, cytoplasmic
expression). Scale bar in B:
A,C, F,G: 80 µm; B,D,H: 40
µm.
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Supplementary Figure 5. In situ hybridization of β1i and β5i, proteasome subunit
immunoreactivity in control, focal cortical dysplasia (FCD) type IIb and Tuberous Sclerosis
Complex (TSC)
Panels A-D: control cortex (A-C) and with matter (B-D); β1i (A, B) and β5i (C, D) Panels E-F (FCD
IIb) and panels C-G (TSC) shows strong expression within the dysplastic region with several positive
dysmorphic neurons [arrows and inserts in E(a) and F], giant cells [inserts in G and H(a)] and glial cells
[inserts (b) in E and H). Scale bar in H: A-H: 80 µm.
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Supplementary Table
Supplementary Table 1
mRNA

Sequence

β1i
5’DIG-+TmUmC+CmUmC+CmAmG+TmUmC+TmAmU+CmCmC+A-3’DIG
(PSMB9)

Temp
56°C

β5i
5’DIG-+AmAmU+CmUmC+AmAmU+CmAmC+CmUmU+GmUmU+C- 56°C
(PSMB8) 3’DIG
Temp = hybridization temperature; + = LNA modification; m = 2’-O-methyl RNA base; DIG = digoxygenin
label
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