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GLUT1 Deficiency: new therapeutic strategies to increase Glucose transport across
the Blood Brain Barrier (BBB): FINAL SCIENTIFIC REPORT- RESULTS

Specific Aim 1. Design of novel molecular tools to increase glucose transfer to the
brain
We aimed at upregulating the endogenous expression of Glut1 at the translational level and
transiently allow the paracellular transport of glucose across the Blood-Brain Barrier (BBB)
by permeabilization of Claudin-5 sealed tight junctions.

Task 1.1. Translational regulation of Glut1 by SINEUPs
Among the endothelial cell lines, the human Cerebral Microvascular Endothelial Cells
(hCMEC/D3) [1, 2], the human Brain Microvascular Endothelial Cells (hBMEC and hBEC-5i)
[2, 3] are the most characterized and used to model in vitro the BBB.
So far, we set up the optimal culture conditions of these cell lines and the protocol to verify
the effect of Glut1-targeting SINEUPs on Glut1 expression by Western blot analysis with
specific anti-Glut1 antibodies. Several antibodies with different specificity and efficiency were
tested (data not shown). The Glut1 protein shows a complex migration pattern on SDS-PAGE
due to N-glycosylation of the Asn45 residue. As a consequence, Glut1 immunoreactivity is
detected as a poorly focused band migrating between 40 and 60 kDa.
To improve detection and quantification of Glut1, before SDS-Page separation we treated
cell lysates with Peptide N-glycosidase F (PNGaseF), which removes N-linked
oligosaccharides from glycoproteins. The immunoreactive band corresponding to PNGaseFdigested Glut1 migrates with a lower molecular weight and appears as a sharper band, whose
density can be easily measured (Figure 1).
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Figure 1. Migration profile and western blotting analysis of the Glut1 protein. a) hCMEC/D3 cells were transiently
transfected with Glut1 cDNA fused to the GFP (Glut1GFP) and V5 (Glut1V5) tags. Cell lysates were digested
with PNGaseF and separated on a 4-15% gradient SDS-PAGE together with undigested extracts and detected
with the specific antiGlut1 antibody. Blue brackets indicate the unfocused Glut1-specific immunoreactive band
in untreated cell extracts; red brackets show the sharper Glut1 band after PNGaseF digestion. b) Glut1
expression in the indicated cell lines (upper panel) and densitometric analysis of the Glut1 immunoreactive
bands in undigested (-) and PNGaseF-digested (+) samples (lower panel). Na/K ATPase α1subunit was used
for normalization. MW, molecular weight, kDa; Un, untransfected cells; -, undigested lysates; +PNGaseF,
digested extracts.

We then transiently transfected three distinct Glut1 SINEUPs in hBEC-5i and hCMEC/D3
cells. Control cells were co-transfected with GFP in the absence or presence of a GFPspecific SINEUP.

Figure 2. Effect of Glut1-specific SINEUPs on protein expression. a) hBEC-5i cells were transiently transfected
with three distinct Glut-1 specific SINEUPs (n =3 independent experiments). After 24 and 48 hours, cells were
harvested and lysed. Cell extracts were treated with PNGase F and run onto a 4-15% gradient SDS PAGE for
immunoblotting with antiGlut1 antibodies (upper left panel). Densitometric analysis of the Glut1 bands (lower
left panel) shows a modest increase in Glut1 expression in cells transfected with SINEUP2. GFP and GFPSINEUP were transfected as positive controls. GFP-SINEUP lead to an increased expression of the GFP protein
(upper right panel), as assessed by densitometric analysis of the immunoblots (lower right panel). Na/K ATPase
α1subunit was used for normalization. UN, untransfected cells; dBD/ΔBD, SINEUP lacking the binding domain
(delta-Binding SINEUP); SINEUPs1-3, Glut1-specific specific SINEUPs; GFP, green fluorescent protein.
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As shown in Figure 2, hBEC-5i cells transfected with SINEUP-2 displayed a modest increase
in Glut1 expression. This trend confirms what observed in preliminary experiments performed
in U251-MG cells. In both cell lines, the increase in GFP expression observed in cells cotransfected with GFP and the corresponding GFP-specific SINEUP provided the control of
the experimental procedure.

Figure 3. Effect of Glut1-specific SINEUPs on protein expression. a) hCMEC/D3 cells were transiently
transfected with three distinct Glut-1 specific SINEUPs (n =3 independent experiments). After 24 and 48 hours,
cells were harvested and lysed. Cell extracts were treated with PNGase F and run onto a 4-15% gradient SDS
PAGE for immunoblotting with antiGlut1 antibodies (upper left panel). Densitometric analysis of the Glut1 bands
is shown in the lower left panel. GFP and GFP-SINEUP were transfected as positive controls. GFP-SINEUP
lead to an increased expression of the GFP protein (upper right panel), as assessed by densitometric analysis
of the immunoblots (lower right panel). Na/K ATPase α1subunit was used for normalization. UN, untransfected
cells; dBD/ΔBD, SINEUP lacking the binding domain (delta-Binding SINEUP); SINEUPs1-3, Glut1-specific
specific SINEUPs; GFP, green fluorescent protein.

SINEUPs transfection in hCMEC/D3 cells failed to confirm the upregulation trend observed
for SINEUP2 in hBEC-5i (Figure 3). SINEUP are a new class of antisense lncRNAs designed
to increase mRNA translation efficiency by targeting a small region surrounding the ATG
start codon. The first three Glut1 specific SINEUPs were designed to cover sequences of
different lenght spanning the ATG codon.
To obtain more efficient and reproducible translational upregulation of Glut 1, we designed
two novel SINEUPs targeting a sequence fully contained in the 5’UTR region of the gene and
not overlapping the Glut 1 start codon. The two novel SINEUPs were transiently transfected
in hCMEC/D3 and U251-MG cells and compared to SINEUP2. In these experiments we
included a further negative control by transfecting also the empty expression vector (EV)
besides that carrying the effector domain without the binding region (delatBD). The control
procedure by transient transfection of GFP and SINEUP-GFP expression constructs in both
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cell lines provided consistent results (not shown). As observed in Figure 5, the novel
SINEUP5 could induce a slight increase in Glut 1 translation detectable as a trend in both
cell lines and more evident in U251-MG cells.

Figure 5. Effect of novel Glut1-specific SINEUPs on protein expression. hCMEC/D3 (left panels) and U251-MG
(right panels) cells were transiently transfected with three distinct Glut-1 specific SINEUPs (n =3 independent
experiments). After 24 and 48 hours, cells were harvested and lysed. Cell extracts were treated with PNGase
F and run onto a 4-15% gradient SDS PAGE for immunoblotting with antiGlut1 antibodies (upper left panel).
Densitometric analysis of the Glut1 bands is shown in the lower panels. Na/K ATPase α1subunit was used for
normalization. UN, untransfected cells; EV, empty expression vectpr; dBD/ΔBD, SINEUP lacking the binding
domain (delta Biding SINEUP).

Task 1.2. Claudin-5 inhibitory peptides for opening the paracellular spaces of BBB
Tight Junctions (TJs) form a mechanical link between individual endothelial cells to maintain
the structural integrity of the vasculature and prevent the diffusion of solutes and ions through
the intercellular space, resulting in high electrical resistance of the layer. The integral
components of the TJs are claudins-1,-3,-5, and occludin, which are directly responsible for
determining the permeability of the endothelial layer. Therefore we focused on the
development of inhibitory peptides targeting different componenst of TJs suitable to favour
the opening of paracellular space of BBB.
A specific task of this proposal has been devoted to the definition of a computational workflow
to determine the sequences and the target docking sites of the peptides to be developed.
Based on the in silico data starting candidate peptides have been designed and then
reiteration of the in silico simulation allowed identification of leading peptides then evaluated
for their properties such as solubility, stability and propensity to form aggregates in different
experimental conditions. By this procedure we established a peptide overall ranking by
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scoring the most relevant features that may impact the peptide function and specificity such
as binding affinity, solubility and stability. On this basis, selected peptides were validated to
a BBB in vitro model by using the trans-endothelial electrical resistance (TEER) (Figure ,
which reflects the resistance to the ion flux between adjacent endothelial cells to measure
the opening of paracellular spaces with promising results (not shown).

Figure 6. a) Schematic of the Transwell system and equivalent circuit. B) Example of impedance spectrum
recorded for a Transwell system. c) TEER values over time measured by a CellZScope system showing bEND.3
and d) hCMEC cells growth from seeding until forming a tight endothelial layer (plateau of TEER values). In the
plateau timeframe, all the analyses are carried out.

Specific Aim 2. Development of an in vitro BBB model to test the novel molecular tools
The efficacy of these two strategies will be assessed in an in vitro model of Glut1-deficient
BBB. To this aim, we will optimize the BBB model using human induced pluripotent stem cell
(iPSC)-derived Glut1-deficient brain endothelial cells and perform functional testing.

Task 2.1. Implementation of an in vitro BBB model using human GLUT1-deficient
hBMECs
We developed several in vitro models of BBB of increasing complexity. We started
implementing a cell monolayer model cultured on the Transwell system as showed above
using both murine (bEND.3) and human (hCMEC/D3) endothelial cells. TEER values for cell
grown on Transwells are shown in Figure 6 and TJs proteins characterization in Figure 7.
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Figure 7. Characterization of TJ proteins expression in bEND.3 and hCMEC/D3 cells by immunofluorescence
staining and confocal imaging (a) and western blotting (b).

Task 2.2. Assessment of the efficacy of novel tools in recovering GLUT1-deficiency in
the vitro model of BBB
We implemented the Transwell system with hBMECs derived from iPSCs of GLUT1DS
patients (hiBMECs). We have differentiated iPSC lines from fibroblasts of two patients
(BC#24 and LL#13) and two controls (PB#6 and WT#27). The two patients showed a severe
(LL#13, p.Leu124Trpfs*12) and a milder (BC#24, p.Arg400Cys) GLUT1-deficiency
phenotype. iPSCs were maintained in feeder-free conditions and characterized as previously
described [4]. For differentiation, cells were passaged onto Vitronectin-coated plates and
maintained in Essential 8 medium. After 24 hours, medium was refreshed with unconditioned
medium lacking bFGF (Essential 6) for 4 days. Four days after, medium was replaced with
human endothelial serum-free medium (hESFM; Life Technologies) supplemented with
bFGF, retinoic acid (RA) and B27 supplement and maintained for 48 hours. After 48 hours,
cells were collected and replated onto Transwell filters or cell culture plates coated with
collagen IV and fibronectin. Twenty-four hours after replating, bFGF and RA were removed
from the medium to induce barrier phenotype [5], as described in scheme on Figure 8.

Figure 8. Schematic of the process carried out for the differentiation and functional assessment of
the IPSC-derived hBMEC.
7

The differentiation of hBMEC from control IPSCs (PB#6) was demonstrated by the high TEER
values measured and by the TJ immunofluorescence staining in confocal images (Figure 9).

Figure 9. a) TEER values and b) Ccl values over time of hBMEC differentiated from PB#6 (IPSCs
control) culture measured starting one day after the treatment with hECSR1/retinoic acid (DIV8). b)
Confocal imaging of PB#6 on Transwells, shows an intact endothelial cell layer stained for claudin-5
(left, red) and Glut1 (right, green). Cell nuclei are stained in blue.

TEER values on differentiated hBMEC cells depend on various biophysical parameters (as
temperature, seeding density, etc.) cells type and health status. As it can be seen in Figure
10, the different IPSCs samples do not attach in the same way, and some technical
parameters still need to be optimized. However, we were able to expose one patient-derived
sample (BC#24) and one control (WT#27) fairly attached to 50 mM fluorescently labelled
glucose (NBD-glucose) and by collecting the basolateral fraction of the Transwell after 2
hours incubation to determine the relative amount of glucose that crossed the layer. The
preliminary results in Figure 10c, showing that a lower amount of glucose could cross the
patient-derived cell layer, are encouraging.
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Figure 10. a) Functional assessment by TEER measurements over time of two iPSC lines from each patient
(BC#24 and LL#13) and controls (PB#6 and WT#27) grown on theTranswell system. b) Schematic of fluorescent
NBD-labelled glucose exposure and basolateral fraction collection to assess glucose crossing of the cell layer.
c) NBD glucose crossing after 2 h incubation.

FINAL COMMENT AND HIGHLIGHTS
SINEUPs for translational upregulation of Glut1
We tested five different SINEUPs in different cellular models and none of them promoted
significant Glut1 translational upregulation. The reasons behind these findings may be
multiple and include intrinsic properties of Glut1 mRNA such as very short half-life combined
to different levels of post-transcriptional regulation that might impair the SINEUP mechanism
of action; incompatible sequences at the 5’ of SLC2A1 for SINEUP design, low sensitivity of
the detection method (Western blot) to capture small upregulation effects (< 1.2 fold).
Increasing understanding of the SINEUPs biology will eventually provide additional clues to
design and test new SINEUPs using different methodological approaches.

Opening the BBB barrier using peptides targeting specific TJs components
We established a reliable workflow for the design and testing of competitive binding peptides
to crucial TJs components. Using our methodology we could identify few promising
sequences for the transient opening of paracellular spaces in endothelial layers.
We are now working on protocols to enhance the recovery of the BBB integrity after the
peptide-induced opening, and we are investigating in more detail the mechanisms of actions
of the peptides making use of endothelial cells expressing GPF-labelled targets, in order to
follow the protein pathways after the incubation with binding peptides.

BBB experimental model based on the Transwell system
The experimental BBB models developed for the project represent one of the major outcome
of the study. The model is based on the Transwell system and implement IPSc-derived brain
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endothelial cells from Glut1-deficient patients and controls. This system represents a unique
tool which will be further advanced in the next future to allow testing of novel therapeutic
molecules in a preclinical setting.

NEW DEVELOPMENTS
Characterization of a natural SLC2A1 antisense non coding-RNA (SLC2A1-AS).
During the course of the study an antisense non cording RNA was identified at the 5’ of
SLC2A1 in a divergent head-to-head orientation (Figure 11).

Figure 11. SLC2A1 gene and its divergent transcript (SLC2A1-DT), long non-coding RNA

We then assessed the expression profile of SLC2A1-AS by RT-PCR compared to Glut1
(SLC2A1) and control gene GAPDH. We demonstrated that the different isoforms were
expressed in different cell lines (hCMEC, hBEC, U251MG, HEK293) and, particularly in
human brain endothelial cells derived from IPS cells (PB6 and BCII).

Figure 12. SLC2A1 gene and its divergent transcript (SLC2A1-DT), long non-coding RNA

Quantitative PCR (qPCR) experiments showed that the expression level of Glut1-AS is about
five fold smaller than Glut1 in HCMEC cells and in different human iPSC-derived brain
endothelial cells (Figure 12 and 13).
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Figure 13. Relative quantification of Glut1 and Glut1-AS by qPCR.

Development of a novel 3D human model of BBB
Besides the 2D monolayer of endothelial cells, we developed a more sophisticated 3D human
model, including three cellular cytotypes composing the BBB: human endothelial cells,
astrocytes, and pericytes. The three cell types can spontaneously assemble in a spherical
assembloid, spatially organized following the in vivo architecture (see Figure 14).
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Figure 14. The 3D BBB model. (a) Schematic of the three cell cytotypes composing the 3D assembloid and
SEM imaging of the final spheroid. (b) the architecture of the 3D assembloid: astrocytes (prestained with cell
tracker red) lies in the core surrounded by pericytes (prestained with cell tracker green). Endothelial cells
(immunostained with ZO-1 Ab) are placed at the periphery of the spheroid, sealing the model with tight junctions.

To access the core of the assembloid for fluorescent imaging, we developed a methodology
of sectioning at the cryostat. The slices can be seen in Figure 15. The integrity of the BBB
model can be assessed by following the penetration of fluorescent dextran 4Kda (FD4) in the
assembloid core. This molecule cannot penetrate the paracellular spaces when tight
junctions (TJs) are expressed (Figure 15c). When the endothelial layer is compromised,
fluorescence from FD4 can be detected in the core. In the case shown in Figure 15c, TJs
were compromised on purpose by adding VEGF [6,7].
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Figure 15. Cryo-sectioning and functional validation of 3D BBB model. (a) optical microscope images of
assembloids slices, (b) confocal 3D reconstruction of an assembloid slice (nuclei are stained by Hoechst – blue;
endothelial are immunostained with ZO-1 Ab). (c) Confocal imaging detection of FD4 fluorescence in
assembloid slice for a functional model (top) and a model in which the expression of TJs is compromised by the
addition of VEGF (bottom).
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