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Abstract

Glycosylation is known to be involved in several biological functions, and defects in the synthesis
or attachment of sugars can modulate the course of various malignancies. GNE myopathy
(GNEM) is an ultra-rare congenital disorder of glycosylation caused by biallelic mutations in the
GNE gene, which encodes for a bifunctional enzyme required for sialic acid biosynthesis.
Although, hyposialylation has been assumed as the main cause of this myopathy, new data suggest
that GNEM mechanism is far more complicated. To date, there is no approved treatment for
GNEM and research on sialylation-increasing therapies is challenged by unknown processes and

the absence of biomarkers.

In this work we explored cellular and molecular mechanisms that may contribute to this myopathy
as a means of identifying alternative therapeutic targets and biomarkers. Previous studies have
identified that sialic acid removal alters the expression of some immune agents; this led us to
study whether defective sialylation in the GNE knock-out cell model influences immune function.
The overexpression of major histocompatibility complex class-1 (MHC-1) and cytokine secretion
levels in GNEM cell model point towards the involvement of an immune response and suggest

that immune players could be good disease biomarkers in diagnostic and clinical development.

Furthermore, drug-likeliness of newly synthesized compounds (based on prodrug technology)
was computationally analysed, and assays to evaluate the in vitro toxicity and efficacy of the
prodrugs were designed and optimized, using N-acetyl-D-mannosamine currently in phase 2 of
clinical trials and N-acetyl-D-mannosamine-6-phosphate (parent compound). Although no
restoring of the sialic acid content was observed with both compounds, a small recovery of

immune parameters suggests the involvement of pathways other than sialylation.

Overall, understanding the immune response in GNEM could bring some light into

pathophysiology and accelerate the approval of a new therapeutic option.

Keywords: Glycosylation, Sialic acid, Congenital Disorders of Glycosylation, GNE

myopathy, Biomarkers, and Prodrugs.
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Resumo

A glicosilacdo esta envolvida em vérias fungdes bioldgicas. Defeitos na sintese ou fixacdo de
monossacaridos podem modular o desenvolvimento de vérias doengas. A miopatia GNE (GNEM)
é uma doenca congénita da glicosilacdo ultra-rara causada por mutacoes bialélicas no gene GNE,
que codifica uma enzima bifuncional crucial para a biossintese de &cido sialico. Embora se assuma
a hiposialilacio como a principal causa desta miopatia, novas evidéncias sugerem que o
mecanismo de doenca é mais complexo. Atualmente, ndo existe nenhum tratamento aprovado
para GNEM e a investigacdo em torno de terapias que aumentam a sialilacdo é dificultada por

mecanismos desconhecidos e auséncia de biomarcadores.

Neste trabalho exploramos mecanismos que podem contribuir para a GNEM no sentido de
identificar alvos terapéuticos alternativos e biomarcadores. Estudos anteriores identificaram que
a remocao de acido sialico altera a expressao de alguns agentes imunes, o que nos levou a estudar
se a funcdo imune esta alterada no modelo celular com o gene GNE knock-out. A sobre-expressao
do complexo principal de histocompatibilidade classe | (MHC-1) e os niveis de secrecdo de
citocinas observados no modelo celular de GNEM apontam para o envolvimento de uma resposta
imune e sugerem que moléculas imunes podem ser bons biomarcadores no diagnostico e

desenvolvimento clinico.

Além disso, as propriedades “drug-like” de novos compostos sintetizados (pro-farmacos) foram
analisadas computacionalmente, e ensaios in vitro para avaliar a toxicidade e a eficacia dos pro-
farmacos foram otimizados, usando N-acetil-D-manosamina atualmente na fase 2 de ensaios
clinicos e N-acetil-D-manosamina-6-fosfato (principio ativo). Embora nenhuma recuperacéo da
sialilacdo tenha sido observada com os compostos, houve uma pequena recuperacdo dos

parametros imunoldgicos, sugerindo o envolvimento de outras vias além da sialilacdo.

Em jeito de conclusdo, entender a resposta imune na GNEM pode trazer mais entendimento da

sua fisiopatologia e acelerar a aprovacao de novas e melhores opcGes terapéuticas.

Palavras-chave: Glicosilagdo, Acido sialico, Doencas Congénitas da Glicosilacio, Miopatia

GNE, Biomarcadores e Pro-farmacos.

XV



XVi



Index of Contents

Lo INEFOAUCTION ...ttt e e nnne s 1
1.1 GIYCOSYIALION ...t 1
1.1.1 The Biological Role of GlyCoSyIation ...........c.ccooviiiiieiiiiiieiieseeeee e 2
1.2 Glycosylation and IMMUNE RESPONSE ......uviivieriieiiiiieeitie sttt 3
1.2. 1 IMMUNE SYSEEIM ...ttt ettt nbr e st e e snb e e e b e e e nnneas 3
1.2.2 Glycosylation in the Innate ImMmune SYStEM ..........ccooeiiiiiiiiieiiei e 4
1.2.3 Glycosylation in the Acquired ImmuNe SYStEM..........ccoveviiiiieiieiie e 5
1.2.4 Glycan-binding ProteINS .........couiiiiiiiiiieiiieie e 5
1.3 Congenital Disorders 0f GlyCOSYIAtioN ............cccuiiiiiiiiiiiiiiiiiec e 7
1.4 GINE MYOPAENY ...ttt ettt nn e snne e 7
1.4.1 Clinical PreSentaltion..........coouiiiiiiieiie ittt 8
1.4.2 Genetics and Genotype-phenotype Correlations............cccevvvveviiieciee e 8
1.4.3 Proposed Molecular MeChaniSMS..........cueoivveiiieeiiee e 10
1.4.3.1 Sialic ACid BIOSYNINESIS .....ccvveiiiiiciie ettt 10
1.4.3.2 Hyposialylation and Alternative Pathomechanisms............cccccceevveviveiiieecnnen, 11
1.4.4 GNE Myopathy MOGEIS..........ccoiiiiiiiiiiie e 12
1.4.5 Therapeutic OPLtIONS .....cccuviiiiee i e et e e saee e 13
1.4.5.1 Supplementation TREIAPY .....c.veeiiiee it 13
1.4.5.2 GENELIC TNEIAPY ...vvveiiieeiiiei ettt et et e e st e e srra e e saeaeaaneesnaee s 14

1.5 New Approaches to Fight GNEM: The ProDGNE Project .........cccccceveiviiieiiie i 15
1.6 ODJECHIVES .eeeiiiie et e e e e e e ar e e aaree e 16
2. Materials and MELNOUS. ..........oiviiiiiiii s 17
2.1 Standards and REAGENTS ........ciiiiiiiiie ettt e e e e et e e s be e e saraeeaeeas 17
2.2 Cll CUIUIE. ...ttt 18
2.3 Cell Viability and Metabolic FUNCLION .........ccoiiiiiiii e 18
2.4 Cell SUMTACE SEAINING .....c.iitieeee e s st e s st e e e e srbe e e e s snaeaeeannneeees 19



2.5 FIOW CYLOMEITY ..ottt 20

2.6 Enzyme-linked immunosorbent assay (ELISA).......cccooiiiiiiiiiiiieeeee e 20
2.7 STAISTICAI ANAIYSIS ... 21
2.8 Prediction of ADMET-related endpoints by Computational Analysis...........c.ccccoevuenne. 22
3. RESUILS and DISCUSSION ......ceiuiiiiieiiieiiieitie sttt 23
3.1 Characterization of a New Cell Model of GNEM...........cccoiiiiiiiiiiiiee 23
3.1.1 Sialophenotype of HEK 293 GNE KO CellS .......ccccoiiiiiiiiiiiiicieeee e 23
3.1.2 Metabolization of HEK 293 GNE KO CellS........ccceiiiiiiiiiiiiiiie e 25
3.2 Evaluation of an ImmuNE RESPONSE ........cciuieiiiiiieiie it 26
3.3 Supplementation with Intermediates of Sialic Acid Biosynthesis.............ccccccevvevvvecnnen. 29
3.3.1 Cell Viability Evaluation After ManNAc and ManNAc-6-P Supplementation ........ 29
3.3.2 Sialophenotype After ManNAc and ManNAc-6-P Supplementation........................ 30
3.3.3 Immune Response after ManNAc and ManNAc-6-P Supplementation.................... 31

3.4 Prediction of ADMET-related Endpoints of Synthesized ManNAc Phosphoramidate

0T | U [PPSR 33

4. Conclusions and FUtUre PErspeCLiVES .........cccveiueiiiiee e 39
D REIBIEINCES ....ee ittt 41
LT AN o] o<1 o [ SRR 49
Appendix 1: Supplementary DOCUMENTS..........ccviiiiiiiiie e sire e e 49
Appendix 2: SUPPIEMENTANY FIGUIES........coiiiii ittt 53

Xviii



Index of Figures

Figure 1 — Comparison of N-glycans and O-glycans decorating proteins at cell surface. ........... 2

Figure 2 — Generic representation of sialic acid biding immunoglobulin-like lectins (Siglec)

L=Te T o (o] PO PPRRT P 6
Figure 3 — GNE protein structure and location of frequent GNE mutations. ............cccccceevennnen. 9
Figure 4 —Sialic acid DIOSYNTNESIS. ........veiiiiiiiiieiie s 10

Figure 5 — The proposed mechanism of action of ProDGNE prodrugs in the sialic acid

DIOSYNTNESIS PATNWAY. .. .cviiiiieiie e 15
Figure 6 — The principle of resazurin cell viability assay. ........cccccoviviiiiiiiniiiiicicee 18
Figure 7 — Gating strategy of HEK 293 cell population and GNE KO cells. ..........ccccccovvriennne. 20
Figure 8 — Characterization of sialic acid profile by lectin staining...........c.cccooveveiiiniennnnn 24
Figure 9 — Characterization of polysialylation through antibody staining. ............ccccceeveieenee. 25
Figure 10 — Metabolization of HEK 293 CellS. ........cooiiiiiiiiiiic e 26
Figure 11 — Evaluation of cell surface MHC-I eXPression. ..........ccccevveeiiiieeiiee s 26
Figure 12 — I1L-6 secretion in GNEM cell model. ..........cccooooviiiiiiiiii e 28
Figure 13 — Cell Viability after ManNAc and ManNAc-6-P supplementation. ....................... 29
Figure 14 — Sialic acid profile after ManNAc and ManNAc-6-P supplementation. .................. 30
Figure 15 — MHC-I expression after ManNAc and ManNAc-6-P supplementation.................. 32
Figure 16 — IL-6 secretion in GNEM cell model. ... 32
Figure 17 — ManNAc phosphoramidate prodrug template. ..........ccccovvveeiiiieiiee e, 33
Appendix

Supplementary Figure 1 — Examples of glycans that are recognized by SNA and PNA lectins

XiX



XX



Index of Tables

Table 1 - Results of ADMET-related properties of ManNAc phosphoramidate prodrugs with

Table 2 - Results of ADMET-related endpoints of ManNAc and ManNAc-6-P with pkCSM...38

XXi



XXIii



List of Abbreviations

AAVS
Ace-ER

ADMET

APC
APCs
AR

Arg

Asn

BBB
BCRs
BSA
Caco-2
CDG
CMP-sialic acid
CNS
CRD
CTLs
CYP
DAMPs
DCCM-1
DCs

DC-SIGN

DMEM

DMRV

Adeno-associated Viruses 8

Extended-release Formulation of NeuSAc
Absorption, Distribution, Metabolization, Excretion and
Toxicity

Allophycocyanin

Antigen-presenting Cells

Allosteric region

Arginine

Asparagine

Blood-brain barrier

B cell receptors

Bovine Serum Albumin

Human Colorectal Adenocarcinoma

Congenital Disorders of Glycosylation
Cytidine-5-monophosphate-N-acetylneuraminic acid
Central Nervous System

Carbohydrate Recognition Domain

C-type lectins

Cytochrome

Danger Associated Molecular Patterns

High protein serum-free medium

Dendritic Cells

Dendritic cell-specific intercellular adhesion molecule-3-
grabbing non-integrin

Dulbecco's Modified Eagle Medium

Distal Myopathy with Rimmed Vacuoles

xXXxiii



EDTA
ER

FBS
FITC

Fu
GalNAc
GalNACcTs
Gl
GIcNAC
GNEM
HEK
HepG2
hERG
HIBM
IFN

I9

IL
ITAM
ITIM
IVIG

Kl

KO

log BB
LogP
ManNAc
ManNAc kinase

ManNAc-6-P

XXIV

Trypsin-ethylenediaminetetraacetic Acid
Endoplasmic Reticulum

Fetal Bovine Serum

Fluorescein isothiocyanate

Fraction unbound

N-acetylgalactosamine
N-acetylgalactosaminyltransferases
Gastrointestinal

N-acetylglucosamine

GNE Myopathy

Human Embryonic Kidney

Human Hepatoblastoma

human Ether-a-go-go-related

Hereditary Inclusion Body Myopathy
Interferon

Immunoglobulin

Interleukin

Immunoreceptor Tyrosine-Based Activation Motif
Immunoreceptor Tyrosine-Based Inhibitory Motif
Intravenous Immunoglobulin

Knock-in

Knock-out

Blood-Brain Barrier Membrane Permeability
Octanol-water Partition Coefficient
N-Acetyl-D-mannosamine
N-acetylmannosamine kinase

N-Acetyl-D-mannosamine-6-phosphate



MFI
MHC
NCAM
NES
Neu5Ac
NK
OCT2
PAMPs
Papp
PEP
PFA
P-gp

PMM2-CDG

PNA
Pro
PRRs
Ser
Siglec
SNA
TCRs
Thr
TLRs
TMB
TPSA

Tyr

UDP-GIcNACc 2-epimerase

Mean Fluorescent Intensity

Major Histocompatibility Complex
Neural Cell Adhesion Molecule

Nuclear Export Signal
N-acetylneuraminic acid

Natural Killer

Organic Cation Transporter 2

Pathogen Associated Molecular Patterns
Apparent Permeability Coefficient
Phosphoenolpyruvate
Paraformaldehyde

P-glycoprotein

Phosphomannomutase 2- Congenital Disorders of
Glycosylation

Peanut agglutinin

Proline

Pattern Recognition Receptors

Serine

Sialic acid biding immunoglobulin-like lectins
Sambucus nigra agglutinin

T cell receptors

Threonine

Toll-like Receptors
3,3',5,5'-Tetramethylbenzidine
Topological Polar Surface Area
Tyrosine

UDP-N-acetylglucosamine 2-epimerase

XXV



UF Unknown Function
VDss Distribution VVolume

WT Wild Type

XXVi



1 | Introduction

1.1 Glycosylation

Glycosylation is one of the most relevant post-translational modifications processes, where
carbohydrates are enzymatically attached to an acceptor molecule, commonly proteins or lipids,
through glycosidic linkages.! Glycosylation process is found in almost all known living
organisms, including eukaryotes, eubacteria and archaea.>® Glycosylation in eukaryotes, occurs
predominantly along the secretory pathway beginning in the endoplasmic reticulum (ER) and
being completed in the Golgi complex and is orchestrated by glycosyltransferases and

glycosidases.*®

Regarding protein glycosylation, the two main types documented are N-glycosylation and O-
glycosylation (Figure 1).® N-glycosylation is characterised by the addition of glycans to specific
asparagine (Asn) residues. N-glycosylation biosynthesis is initiated in the ER, where a precursor
oligosaccharide is assembled on a resident lipid carrier, dolichol pyrophosphate.*” After the
biosynthesis of this precursor, ER transmembrane glycosyltransferases transfer the glycan portion
from the dolichol pyrophosphate to a protein via a N-glycosidic linkage of a N-acetylglucosamine
(GIcNAC) to an Asn residue. This Asn residue must be comprised on the consensus amino acid
sequence Asn-X-serine (Ser)/threonine (Thr) in which “X” stands for any amino acid except
proline (Pro).® The second stage of N-glycosylation includes the hydrolytic removal of
monosaccharides (“trimming”) and the re-glycosylation with other monosaccharides
(“processing”) in the ER and then in the Golgi.® These sugar additions convert a limited repertoire

of N-glycans into a vast array of mature and complex N-glycans.®

O-glycosylation, on the other hand, results from the attachment of glycans to the hydroxyl group
of a Ser, a Thr, and, less often, tyrosine (Tyr) or other side chains with hydroxyl residues. O-
glycosylation is usually initiated in the Golgi by N-acetylgalactosaminyltransferases (GaINACTS)
that transfers N-acetylgalactosamine (GalNAc) residue to the hydroxyl group of a Ser or Thr
residue in the protein. Subsequently, this Ser/Thr-GalNac structure go through sequential
enzymatic elongation steps to form longer and more complex structures.® With a few exceptions,
O-glycans are small and non-processed structures, being generated by single sugar transfers and

not by the transfer of any pre-assembled precursors as in the case of N-glycans.®



Both processes of glycosylation described above can be further modified by sialylation, sulfation,
acetylation, fucosylation, and polylactosamine-extension, introducing considerable variety to the

proteome.

O-glycans
U B
s
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o
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r;? membrane \ Protein
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er/Tf]f A Fuc O Man
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Figure 1 — Comparison of N-glycans and O-glycans decorating proteins at cell surface. N-glycans are linked to
the nitrogen atom of asparagine (Asn) whereas O-glycans are attached via O-linkage to serine (Ser)/ threonine (Thr).
Fucose (Fuc), mannose (Man), galactose (Gal), N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GIcNAC).

1.1.1 The Biological Role of Glycosylation

Glycosylation has been shown to be essential in several biological activities, including cell
adhesion, cellular interactions, and signalling, which are fundamental to the normal development,

growth and differentiation of cells and tissues.*

At the protein level, glycosylation affects protein folding, solubility, activity, stability, and
subcellular targeting. Protein glycosylation is crucial for the correct formation of protein
complexes and higher-order protein structures, mainly due to the modulation of protein-protein
interactions.® At a higher level, glycosylation is important for cell-cell and cell-matrix recognition.
Glycans lining the cell surface serve as docking sites for cell-cell and extracellular
communication, immune recognition, pathogen attachment and biological signalling.** The huge
diversity of glycans, due to different positions of a given saccharide and stereochemistry options,

contributes to the high specificity of the processes and interactions outlined above.®

However, deregulation of glycosylation pathways can cause critical alterations of physiological
processes and is commonly found to modulate the course of various malignancies and
pathological pathways such as inflammation.*? Aberrant glycosylation is often observed in cancer

and related to tumour aggressiveness and to poor clinical outcome.™*



1.2 Glycosylation and Immune Response

Glycosylation has a crucial role in the immune function, since the majority of the molecules
involved in the immune response are glycoproteins™ and most of the microbial patterns are
glycans or glycoconjugates.™* Furthermore, lectins or glycan-binding proteins, such as galectins
or sialic-acid binding immunoglobulin-like lectins (Siglecs), are responsible for modulating most
of the immune response. The main mechanisms of the immune response and the importance of
glycosylation for the assembly of an adequate immune response will be explored in the following

sections.
1.2.1 Immune System

The immune system consists of a complex network of components and structures throughout the
body, responsible for conferring protection against foreign bodies or cell changes. The immune
system must be able to distinguish these differences, discriminating host molecules (“self”’) from
foreign (“non-self”) and harmless non-self from unsafe non-self.’® There are two main types of

immune response: the innate and the acquired response.

The innate immune response develops earlier and is characterized by the lack of immunologic
memory, remaining unchanged regardless of the number of encounters with the same antigen.*®
The innate immunity comprises different defence mechanisms as biological barriers, phagocytic
cells (neutrophils, macrophages), antigen-presenting cells (APCs) (dendritic cells (DCs)),
cytotoxic cells (natural Killer (NK) cells) and molecules such as complement proteins. The cells
involved in the innate immune response recognize pathogen associated molecular patterns
(PAMPs) and danger associated molecular patterns (DAMPs)!" by interaction with pattern
recognition receptors (PRRs), including the toll-like receptors (TLRs). After recognition of these
patterns, several signal transduction pathways are activated resulting in the secretion of cytokines
among other factors. Cytokines, as interleukin (IL)-6 and IL-13, promote the recruitment and
activation of immune cells, promoting phagocytosis, neutralisation, and clearance of pathogens.*®
The innate immune response, through the antigen presentation and cytokine expression, has a

crucial role in the activation of the acquired immunity.

The acquired response is typically slower than the innate immune response. But acquired
immunity is antigen specific and provides long-lasting protection due to the development of
immunological memory.*® The principal cells involved in the acquired response are lymphocytes

that have specific receptors capable of distinguish similar antigens.



Cell-mediated immunity is carried out by T cells, which are activated after antigen presentation
through specialised molecules, such as major histocompatibility complex (MHC). There are two
pathways in which antigen peptides can become available for presentation, the cytosolic and the
endocytic pathway.?’ The cytosolic pathway comprehends the proteolysis of cytosolic proteins by
the proteasome. Then, the peptides are transported to the ER where they are loaded to an MHC
class I (MHC-I) molecule, which is expressed by all nucleated cells. The peptide is exposed at the
cell surface connected to MHC-1 and can be presented to cytotoxic T cells, leading to its
activation.®® Whereas the endocytic pathway comprises antigen processing from internalised
proteins. These proteins are processed and loaded into MHC class Il (MHC-11) molecules, only
expressed in APCs. The peptide-MHC complex is transported to the cell surface and detected by
helper T cells.?® Helper T cells mediate the activation and proliferation of other immune cells
through cytokine secretion. Nevertheless, antigen recognition alone is not sufficient for the proper
activation of T cells. The presence of co-stimulatory molecules, like CD80 and CD86 molecules

expressed on APCs, and cytokines is required.

On the other hand, to initiate humoral immunity, mediated by antibody molecules, each naive B
cell recognizes a specific antigen and is activated and differentiated into plasma B cells. Plasma
cells are responsible for the secretion of antibodies with high specificity to the antigen, leading to

antigen neutralisation and elimination.?

1.2.2 Glycosylation in the Innate Immune System

Glycosylation, directly or indirectly, plays several roles in immune function. For instance,
glycosylation is crucial for microbe-host interactions, facilitating the binding or reducing the
attachment of the pathogen.®'* An example of the first case is the infection with the
enteropathogenic Escherichia coli (E. coli), where colonization is mediated by P pili, a bacterial
fibrillae composed by a glycan-binding subunit that specifically recognizes galactose-41,4-D-
galactose disaccharide epitope found on the surface of epithelial cells,”® promoting E. coli
adherence. On the other hand, glycans can prevent the microbial attachment and invasion by for
instance, reinforcing the physical barriers that are part of the innate immune response. Mucins are
high molecular-weight glycoproteins, with extensive O-glycosylation. O-glycans bind water

molecules and form a viscous barrier between the epithelial cells and the microorganisms.?*#

As referred in the previous section, the innate immune system functions through the recognition
of molecular “patterns”, that commonly contain or are exclusively glycans. The recognition of
certain glycans by the PRRs is enough to initiate signalization pathways and set an immune

response. Moreover, glycans have a direct impact on the structure of PRRs by affecting folding,

4



multimerization, trafficking, cell-surface stability, and degradation.' For instance, TLRs are
heavily glycosylated, and it has already been demonstrated that these glycans are crucial for TLR
function. TLR variants with glycan site mutations failed to activate the signalling pathways upon
ligand binding.?®

1.2.3 Glycosylation in the Acquired Immune System

The acquired immune response is no less affected by glycosylation. In fact, several glycans are
epitopes recognized by T cell receptors (TCRS) or B cell receptors (BCRs). The most well-known
example is the ABO(H) blood group system.?” These are glycans or glycolipids on the erythrocyte
membrane. Individuals with a certain group of glycans recognize them as “self” and produce
antibodies against the other group of glycans. When in contact with cells from another blood
group, the antibodies will bind and coat the erythrocyte leading to cell lysis, revealing the potent

antigenic power of glycans in the acquired immune response.*

In addition, glycosylation also alters TCRs and BCRs activities, modulating interactions of
receptors and ligands, thereby altering receptor endocytosis, clustering, and signalling.® Actually,
lower complexity of N-glycosylation on TCR results in increased TCR clustering and signalling
even in the presence of a lower amount of antigen.** Effects of glycans on antibodies have also
been demonstrated to affect attachment and signalling through immune cell receptors, and
evidence suggests that it may be linked to antigen specificity and affinity maturation of

antibodies.?®

1.2.4 Glycan-binding Proteins

Three receptor families that are involved in glycan recognition — C-type lectins (CTLs), galectins
and Siglecs — constitute another major component of the immune system involved in either the
innate or acquired responses. All these proteins contain at least one carbohydrate recognition
domain (CRD).*®

The Siglecs are cell surface receptors that recognize sialic acid residues (Figure 2). Siglecs are
commonly expressed on the surface of immune cells, such as DCs, macrophages, monocytes,
neutrophils, and B cells.*® These proteins aside from having the capacity to bind sialic acids
present in other cells (in trans) can also bind to sialic acid residues present in the same cell (in
cis). The majority of Siglecs are responsible for inhibitory signalling, and almost all Siglecs have
an immunoreceptor tyrosine-based inhibitory motif (ITIM) on the cytoplasmic tail or associated

with ITIM-containing receptors to regulate the response of an immune cell upon encountering a
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“self” sialic acid.?® Some Siglecs can also interact with DAP12, a transmembrane protein that
contains immunoreceptor tyrosine-based activation motifs (ITAMs) resulting in signal
transduction.®® In addition, there are Siglecs that do not interact with either ITIMs or ITAMs, as
Siglec-1 that is associated with phagocytosis of sialylated antigens.*> Consequently, Siglecs can
convey regulatory signals that differentially shape the immune cell response.?

(_ITIM or ITAM motif )
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Figure 2 — Generic representation of sialic acid biding immunoglobulin-like lectins (Siglec) receptors. Siglecs
recognize sialic acid-containing glycans and polysialic acid (polySia). Immunoreceptor tyrosine-based inhibitory motif
(ITIM), immunoreceptor tyrosine-based activation motif (ITAM), galactose (Gal), N-acetylglucosamine (GIcNAc),
mannose (Man), glucose (GIc).

Galectins are commonly secreted and defined by a conserved CRD that recognizes f-
galactosides.® In the immune response galectins are usually expressed by activated not resting
lymphocytes and overexpressed in activated macrophages and in regulatory T cells (a subset of T
cells). The expression of galectins in these cells is modulated by different inflammatory stimuli
dependent on the activation state of the cells.*** Nowadays, it is assumed that galectins play a
crucial role in the regulation of immunity and inflammation and can modulate cancer

progression, 333637

CTL receptors are membrane-bound calcium-dependent carbohydrate-binding proteins.®® CTLs
can be divided into two types: the mannose-specific CTLs that contains an amino acid motif
specific for mannose and/or fucose terminated glycans and the galactose-specific CTLs with a
distinct amino acid motif in the CRD and that have specificity for galactose-terminated or
GalNAc-terminated glycan structures.®3 Often CTLs are PRRs, such as Dectin-1, collectins and
dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), so
these lectins are important for pattern recognition. CTLs also have other roles in the immune
response, such as promoting leukocyte function, migration, antigen uptake, signalling, and cell

adhesion.'*



1.3 Congenital Disorders of Glycosylation

Changes in glycosylation are a common feature in several disease scenarios, resulting from the
dysregulation of the glycan biosynthetic pathway in response to certain stimuli like inflammation,
infection, or oncogenic alteration, or have a defect in innate metabolism, such as in the case of

congenital disorders of glycosylation (CDG).™

CDG comprise a heterogeneous group of more than 150 diseases® caused by mutations that affect
different steps along the glycosylation pathways, resulting in hyper- or hypo-glycosylation of
glycoconjugates. Nowadays, CDGs are classified into four groups: N-glycosylation-related, O-
glycosylation-related, lipid and glycosylphosphatidylinositol biosynthesis defects and, lastly,
conditions that have multiple glycosylation pathways affected.*°

The majority of CDGs are monogenic diseases inherited in an autosomal recessive manner.*° The
phenotypic manifestations of these CDGs are usually multi-systemic, mainly affecting the central
nervous system, as well as the gastrointestinal, hepatic, and immune systems, due to the wide

range of glycan functions in different organs and tissues.>***

Given the broad spectrum of clinical manifestations and genetic etiology of CDGs, clinical
diagnosis is challenging and relies on molecular testing. The recent arrival of next-generation
sequencing has rapidly expanded both the discovery of new CDGs and the unravelling of many
unsolved diagnosis cases.*? In fact, it is assumed that lots of individuals with CDGs are
misdiagnosed, so the incidence and prevalence of all types of CDGs are not well-established, but
based on population allele frequencies the expected birth prevalence of the most common CDG,
phosphomannomutase 2-CDG (PMM2-CDG), could be as high as 1:20 000.3%

CDGs treatment options available are limited, mostly relying on symptomatic and preventive

approaches. Only a few CDGs curative therapies are being used, and those include

monosaccharide supplementation and organ transplantation.*®

1.4 GNE Myopathy

GNE myopathy (GNEM) is an ultra-rare CDG which affects 1 to 9:1 000 000 individuals

worldwide (Orphanet; https://www.orpha.net/). GNEM was reported for the first time in Japan

and recognized as distal myopathy with rimmed vacuoles (DMRV)* and in Israel as hereditary
inclusion body myopathy (HIBM).*” Other names such as Nonaka myopathy, inclusion body

myopathy 2 and quadriceps-sparing myopathy have emerged since then. In 2001, mutations in
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the GNE (9p13.3), the gene encoding the bifunctional enzyme UDP-N-acetylglucosamine 2-
epimerase (UDP-GICNACc 2-epimerase)/N-acetylmannosamine kinase (ManNAc kinase) were
identified*® as the cause of the disease and confirmed that all these myopathies were indeed the
same pathological condition.*® Since then, and to avoid confusion due to the different historical
names it was agreed to unify them into a single disease entity known as GNE myopathy.*

1.4.1 Clinical Presentation

Patients with GNEM typically present manifestations in early adulthood, between 20 and 40 years
of age™. The usual clinical symptoms are anterior tibialis weakness, gait disturbance, incapacity
to lift the toes and foot drop. This clinical presentation of GNEM is the result of progressive
skeletal muscle atrophy: it progresses from the distal to proximal skeletal muscles of the lower
extremities followed by upper extremities and sparing of the quadriceps.>* Disease progression
may lead to complete loss of skeletal muscle and result in dependence of caregivers and use of a

wheelchair.?

Muscle cells from GNEM patients show small angular fibres and the presence of rimmed
vacuoles.> The rimmed vacuoles can especially be found in atrophic fibres and may be absent in
unaffected muscles. Most of the GNEM patients retain quadriceps sparing through several
decades, while only a minority (~5%) have quadriceps weakness early on.>* Accordingly, it is
recommended to avoid biopsy of the quadriceps muscles for research of rimmed vacuoles in the
tissue. Aside from the muscle weakness and atrophies, the neurological examination is typically
normal. Therefore, GNEM is not associated with cognitive impairment,® in contrast to most
CDGs.

1.4.2 Genetics and Genotype-phenotype Correlations

GNEM is an autosomal recessive inherited disease, which means that GNEM patients have
pathogenic variants in both GNE alleles. Patients may be homozygous for a single mutation or
compound heterozygous for two distinct mutations in either the same or different domains of the
enzyme. Remarkably, no patients have been identified with two null mutations (honsense or

frameshift mutations), suggesting that absent GNE activity is incompatible with life.>®*’

There are already more than 200 GNE causing mutations identified and the spectrum of mutations
is constantly growing.*® Some mutations have been defined as ethnic founder mutations found in
Middle Eastern (p.M743T),> Japanese (p.C44S, p.D207V, and p.V603L),*° Roma Bulgarian
(p.1618T)®* and Indian/Asian populations (pA.662V and V727M)°%® (Figure 3). The large
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majority of pathogenic variants associated with GNEM are missense mutations, but other
mutations such as nonsense mutations, insertions, deletions, intronic and splice site mutations

have also been described.%®%*

UDP-GIcNACc 2-epimerase ManNAc kinase
w
NH, —| B g = = —— COOH
p.V603L : p.A662V : pM743T
p.C44s p.D207V p.D409Y  p.L539S p.1618T p.V727M

Frequent mutations associated with GNEM

Figure 3 — GNE protein structure and location of frequent GNE mutations. The structure of the hGNE2 variant
has two main domains the UDP-GICNAc 2-epimerase enzymatic (in red) and the ManNAc kinase enzymatic domain
(in green). Both includes a domain of unknown function (UF). Putative nuclear export signal (NES); experimental
allosteric region (AR) for binding of CMP-sialic acid. Based on Carrillo, N. et al (2018).%°

Genotype-phenotype studies showed considerable variability in disease severity, suggesting that
certain point mutations are linked to age at onset, symptoms, severity, and speed of the disease
progression. Cohort-based studies suggest that patients with one of the most common mutations
in Japan p. A207V are predisposed to later onset of symptoms and milder phenotype than patients
with the p.V603L variant and phenotypic differences between homozygous and compound
heterozygous carriers were also reported.®® Furthermore, patients with one mutation in each
enzymatic domain had the lowest proportion of ambulant patients, earliest onset and the earliest
use of wheelchair compared to patients with both mutations within the epimerase or kinase

domain.>

However, genotype-phenotype correlation studies in patients homozygous for one mutation have
shown significant phenotype variability even between families, suggesting that the type of the
GNE mutation only partially contributes to the severity of the disease.”™®” A recent systematic
review of all cohort studies to date report that GNE genotype only explains 20% of phenotypic
variability.®® Additionally, some asymptomatic cases with confirmed causative mutations have
been reported, indicating an incomplete penetrance of the disease or the existence of other factors

that can mitigate the symptoms.>

Understandably, a common problem of these cohort studies with an ultra-rare disease like GNEM
is the lack of statistical significance. Therefore, a reliable correlation between genotype-

phenotype remains to be fully elucidated.®



1.4.3 Proposed Molecular Mechanisms

The GNE gene encodes for UDP-GIcNAc 2-epimerase/ManNAc kinase that initiates and
regulates the synthesis of sialic acids, a group of derivatives of neuraminic acid. Sialic acids are
terminal monosaccharides of most glycans found on proteins and cell surfaces, where they
mediate different biological functions.®® The most abundant sialic acid in humans and precursor
of other sialic acids is N-acetylneuraminic acid (Neu5Ac).™

1431 Sialic Acid Biosynthesis

The biosynthesis of NeuSAc (Figure 4) is an intracellular pathway initiated by the conversion of
GIcNACc into N-Acetyl-D-mannosamine (ManNAc) by UDP-GIcNAc 2-epimerase, followed by
phosphorylation of ManNAc into ManNAc-6-P by ManNAc kinase.” Subsequently, sialic acid
synthase converts ManNac-6-P to Neu5Ac-9-P in a condensation reaction with
phosphoenolpyruvate (PEP), after which Neu5Ac-9-P is dephosphorylated to Neu5SAc. In the
nucleus, Neu5Ac is activated into cytidine-5-monophosphate-N-acetylneuraminic acid (CMP-
sialic acid),”® which is transported into the Golgi where it can be incorporated into glycoproteins

and glycolipids by sialyltransferases.
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Figure 4 — Sialic acid biosynthesis. The biosynthesis of sialic acid (Neu5Ac) occurs in the cytoplasm. The initial
substrate is UDP-N-acetylglucosamine (UDP-GIcNAc), which derives from glucose. The bifunctional enzyme UDP-
GlcNac 2-epimerase/ ManNAc kinase, encoded by GNE gene, catalyses the rate-limiting steps of NeuSAc biosynthesis.
Neu5Ac becomes activated by cystidine monophosphate (CMP)-sialic acid synthase in the cell nucleus. CMP-sialic
acid is used as a donor of sialic acid in the Golgi apparatus for the generation of glycoconjugates. CMP-sialic acid also
acts as cytoplasmic feedback inhibitor of the UDP-GIcNAc 2-epimerase enzyme by binding to its allosteric site.
Phosphoenolpyruvate (PEP); cytidine triphosphate (CTP); oligosaccharides (OGS).
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This pathway is regulated through feedback inhibition of UDP-GICNAc 2-epimerase enzyme via
binding of cytoplasmic CMP-sialic acid to its allosteric site.®

1432 Hyposialylation and Alternative Pathomechanisms

Sialylation, as the end-product of sialic acid biosynthesis, is critical for several biological
processes including cell adhesion, cellular interactions, and signalling.®® GNE mutations
presumably affect glycans sialylation since they affect the activity of UDP-GICcNAc 2-

epimerase/ManNAc kinase, the rate limiting enzyme in the sialic acid pathway.

There are some clues suggesting that hyposialylation of muscle cell surface glycans play a
significant role in GNEM pathogenesis, for example specific skeletal muscle glycans including
a-dystroglycan, neural cell adhesion molecule (NCAM), neprilysin, GM3 ganglioside, and O-

linked glycans have been reported to be hyposialylated in GNEM. 57374

Although hyposialylation is typically assumed as the main cause of GNEM, several pieces of
evidence suggest that the GNEM pathomechanism is more complicated and may not be
exclusively linked to the impaired sialic acid pathway. Firstly, GNE enzymatic activity is only
partially reduced in patients (30-60% reduction) and this range of reduction is not expected to
cause phenotype in classical metabolic myopathies.® In addition, the screening of muscle
sialylation showed that it is only slightly reduced in some patients. Secondly, results from a phase
3 randomised, double-blind placebo-controlled trial with an extended formulation of Neu5Ac in
GNEM patients failed to detect clinical efficacy not supporting hyposialylation as the main cause
of disease.” Lastly, research laboratories have attempted to determine other unknown functions

of GNE that could be part of the pathomechanism of this myopathy.

A deregulated ER-stress response has been identified as a source of muscular damage in GNEM,
and oxidative stress has also been acknowledged to be involved, not as consequence of tissue
injury, but rather as an upstream phenomenon to muscle atrophy.’” In fact, skeletal muscle tissue
demands extensive and continuous energy supply, as well as an adaptation to changes in
metabolism and oxygen consumption to fulfil its primary functions. Therefore, it is evident a

prone vulnerability of the muscle to a dysregulation of the cellular stress response.

Although immune-mediated response and inflammatory changes are not common manifestations
in GNEM,® inflammation can also be at the root of the earliest stages of the disease, as it has
been implicated in many other metabolic disorders.” Inflammatory cell infiltration with increased

expression of MHC-I is occasionally reported in muscle biopsies of early stage GNEM

11



patients.”*® Moreover, our group has previously shown that sialic acid shortage leads to increased
cell surface expression of the MHC- 882

Despite these advances, it remains unclear the process by which a GNE mutation leads to muscle
disease and the functional implications of MHC-I and other cell stress.

1.4.4 GNE Myopathy Models

In the past decades, cell lines with GNE mutations or decreased GNE expression have been used
for studying disease pathomechanisms or new therapeutic strategies.® These cell models are
extremely important as reports of patients reveal a large degree of uncertainty and because of the
low availability of patient-derived cells. Despite the usefulness of these in vitro models for
characterization of the GNE protein, evaluation of pathogenicity of newly identified GNE
mutations or to study cellular modifications, animal experiments remain essential to understand
the mechanisms underlying GNEM and to discover and approve new diagnose and treatment

methods.

There are three mouse models of GNEM currently available to facilitate the understanding of
disease pathophysiology and identification of potential therapies. A complete knock-out (KO)
mouse model of the Gne gene is no compatible with life and displays early embryonic lethality.>
Therefore, the models available are Gne-deficient mice, but they fail to mimic the GNEM

phenotype observed in the patients, which limits their pre-clinical potential.

The first Gne knock-in (KI) mouse model was created by homologous recombination strategy,
introducing the Middle Eastern founder mutation p.M743T in the kinase domain.®* Unexpectedly,
this mouse model showed high mortality rate in the first generation due to renal damage,

characterized by severe glomerular disease,®

which is not typically observed in GNEM
patients. However, the importance of sialic acid to the kidney and protein glycosylation patterns
may differ between species. Apart from the kidney phenotype, the mice that overcome the renal

damage fail to present any muscle phenotype.®

A transgenic mouse that expressed the human GNE p.D207V mutation (one of the most prevalent
mutations among Japanese GNEM patients) was the first mouse model generated that resembles
the clinical, pathological, and biochemical features of the disease.?” The Gne""’hGNED207V-Tg
mice exhibit late onset progressive muscle atrophy and pathological markers, including the
presence of rimmed vacuoles in atrophic fibres. Interestingly, this model exhibits marked

hyposialylation in serum, muscle, and other organs, highlighting the potential key-role of
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hyposialylation in GNEM mechanism.®”  Another transgenic mouse model, the
Gne"?hGNEV603L-Tg, which expresses the most prevalent GNE mutation in Japanese patients
(p.V603L) was generated.® In this mice hyposialylation in serum, muscle and other organs, such
as kidney, was also observed. It also exhibited late onset myopathy with reduction in motor
performance seen from 30 weeks. Nevertheless, this mouse model also showed renal pathology
due to hyposialylation.®

Overall, none of these models consistently recapitulate the GNEM phenotype observed in
humans. The development of novel animal models is then crucial for understanding disease
pathology and drug discovery. Nowadays, important attempts are being made towards new
GNEM models in both mice and zebrafish.*

1.4.5 Therapeutic Options

Up to date, there is no approved treatment for GNEM. However, there are some efforts for
developing improved therapeutic strategies based either on supplementation with sialic acid/sialic

acid precursors or restoring GNE enzymatic activities by gene or cell therapy.

1451 Supplementation therapy

Supplementation therapy is based on the hypothesis that if GNEM pathology is due to
hyposialylation, increasing the sialic acid content may overcome it.®® Highly sialylated
glycoproteins, such as intravenous immunoglobulin (IVIG), and pathway substrates, including

ManNAc and Neu5Ac, are examples of sialylation increasing therapies.

Since immunoglobulins G (IgG) contains 8 umol of NeuSAc/g, IVIG was infused in patients
(ClinicalTrials.gov: NCT00195637). IVIG administration improved muscle strength and function
but failed to increase the sialylation of target glycoproteins and there were no demonstrable

histological changes.*

An extended-release formulation of Neu5Ac (Ace-ER) was developed and orally administrated
to GNEM patients in a phase 2 randomized, double-blind, placebo-controlled trial
(ClinicalTrials.gov NCT01517880). In this study patients receiving a higher dose of Ace-ER
showed an improvement on upper extremity strength compared to the group receiving a lower
dose, suggesting that the administration of Ace-ER to patients stabilized muscle strength.”

Unexpectedly, phase 3 randomized, double-blind, placebo-controlled trial (ClinicalTrials.gov
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NCT02377921) failed to demonstrate Ace-ER treatment benefits for muscle strength maintenance
when compared to placebo, and this therapeutic strategy was set aside.”

ManNAc is the first sialic acid precursor affected in GNEM and is also a substrate of the kinase
domain of the GNE enzyme. Although ManNAc do not overpass the second step catalyse by
GNE, ManNAc overpasses the rate-limiting feedback inhibition enzymatic step catalyse by the
epimerase domain and can be phosphorylated into ManNAc-6-P by other kinase enzymes (e.g.,
GIcNAC kinase).” Oral supplementation with ManNAc was already evaluated in a phase 1
randomised, placebo-controlled, double-blind, single-dose study®  (ClinicalTrials.gov
NCTO01634750; IND No.78 091) and in a phase 2 open-label clinical trial (ClinicalTrials.gov
NCT02346461) and showed long-term safety, biochemical efficacy consistent with the
mechanism of action in the skeletal muscle and preliminary evidence of clinical efficacy.*
ManNAc supplementation is now awaiting the start of a phase 2 randomized, placebo-controlled,
double-blind, multi-center study (ClinicalTrials.gov NCT04231266) to evaluate clinical efficacy
of ManNAc in subjects with GNEM.

These supplementation options still have some disadvantages, including the need of a high daily

dose that is linked with many gastrointestinal adverse effects.”

1452 Genetic Therapy

Gene therapy in GNEM aims at delivering an unaffected copy of the GNE gene to target skeletal
muscle tissues and restore/prevent the loss of muscle strength and function. A supply of normal
GNE gene is delivered into patient muscles to restore the sialic acid biosynthesis but also to restore
the additional, however still largely unknown, functions of the GNE protein that are essential for

normal physiology.*

The adeno-associated viruses 8 (AAV8) vector has shown to effectively deliver the GNE gene to
healthy®® and GNEM mouse model.® Moreover, the systemic injection of the
rAAVrh74. MCK.GNE viral vector resulted in a long-term expression of human wild type (WT)
GNE in the muscles and in the improvement of the mild phenotype of the GNEM mouse model.*°
The inexistence of a reliable mouse model to fully access the efficacy of this therapeutic approach
together with the pre-existence of serum antibodies to AAV8 in 50% of GNEM patients®’ studied

hinders its approval.
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1.5 New Approaches to Fight GNEM: The ProDGNE Project

As previously described, there are no approved therapies for GNEM, and supplementation
therapies have shown adverse effects and low absorption. “ProDGNE — Novel therapeutic
approaches to target GNE myopathy” is a 3-year translational pre-clinical research project, funded
by the European Joint Programme on Rare Diseases (EJPRD/0001/2020), which aims to develop
prodrugs to treat GNEM, using the ProTide technology (Figure 5).

A prodrug is a substance that is inactive and must be converted by metabolic or physico-chemical
transformation to be pharmacologically active.®® Normally, prodrugs are generated to improve the
absorption, distribution, metabolization, excretion and toxicity (ADMET) properties of a drug.
ProTide technology uses phosphate masking groups to improve the drug-like properties of the
compounds and an intracellular activation mechanism for enzyme-mediated release of a
nucleoside monophosphate. Among many existing phosphate prodrug strategies, the ProTide
approach has been applied with success to nucleosides, as evidenced by the development and
approval of the currently marketed antiviral drug Sofosbuvir.* Our collaborators from the School
of Pharmacy and Pharmaceutical Sciences, Cardiff University already have experience with this
technology and have applied phosphoramidate chemistry to GIcNAc for the treatment of

osteoarthritis and other musculoskeletal diseases.'®
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Figure 5 — The proposed mechanism of action of ProDGNE prodrugs in the sialic acid biosynthesis pathway.
The ProTide is converted by esterase activation into ManNAc-6-P, the final product of the two steps catalysed by the
GNE enzyme. Sialic acid (Neu5Ac); UDP-N-acetylglucosamine (UDP-GIcNAc); phosphoenolpyruvate (PEP);
cytidine triphosphate (CTP); cystidine monophosphate (CMP); oligosaccharides (OGS).
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Research is being conducted with the aim to improve the low permeability and plasma stability
of ManNAc-6-P, the final product of the reactions catalysed by the GNE enzyme, using ProTide
technology.’™ These prodrugs through the action of intracellular esterases will pass to its active
form, the ManNAc-6-P (Figure 5). The delivery of ManNAc-6-P is thought to be more
advantageous than the delivery of ManNAc, especially in patients who have mutations in the

kinase domain.'®

1.6 Objectives

The pathomechanism of GNEM is still not fully understood, and even though hyposialylation is
assumed as the main cause of disease, evidence point to a far more complex pathomechanism for
GNEM that may not be exclusively linked to an impaired sialic acid pathway.’®? In this
dissertation one of our aims was then to explore alternative cellular and molecular mechanisms

that may lead to this disorder, as means of identifying alternative therapeutic targets.

The importance of glycosylation, in particular sialylation, in the immune system**#* (previously
discussed in subsection 1.2) has led us to hypothesize that the defective sialylation observed in
GNEM influences the function of immune cells and consequently the immune response. During
this thesis the immune response was evaluated by measuring the surface expression of molecular
structures, such as MHC-I, and the production of inflammatory cytokines, such as IL-6. These
immune response indicators were evaluated in a new cellular model of GNEM, the human
embryonic kidney (HEK 293) cells with GNE KO, kindly provided by Prof. Rudiger Horstkorte
(Martin-Luther-Universitat). Functional parameters, such as viability and metabolic activity,
together with the syalophenotype of this new cell line were characterized to confirm whether it

can be a good model to study GNEM.

This dissertation, developed within the framework of the ProDGNE project, had also the aim to
help guide the selection of the new prodrugs developed by our partners in Cardiff University. In
this line of investigation, the ADMET properties of the synthesized compounds were evaluated
by computational analysis to select the compounds with best drug-like properties. Furthermore,
assays to evaluate the toxicity and efficacy of the compounds in cell models were designed and

optimized.
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2 | Materials and Methods

2.1 Standards and Reagents

ManNAc and ManNAc-6-P were acquired from Biosynth Carbosynth® (Compton, UK).
Dulbecco's Modified Eagle Medium (DMEM) with 4.5 g/L glucose supplemented with L-
glutamine, and sodium pyruvate was obtained from Corning® (NY, USA). High protein serum-
free medium (DCCM-1) was purchased from Sartorius (Beit Haemek, Israel). Heat inactivated
fetal bovine serum (FBS), trypsin-ethylenediaminetetraacetic acid (EDTA) (0.05%), L-glutamine
and Pen-Strep solution (Penicillin 10,000 units mL™ and Streptomycin 10,000 pug mL™) were
acquired from Gibco™ (Grand Island, NY, USA). Puromycin and Plasmocin® prophylactic were
purchased from InvivoGen (San Diego, CA, USA). Trypan blue was acquired from NanoEntek
(Guro-gu, Seoul, South Korea). Biotinylated Sambucus nigra agglutinin (SNA) was obtained
from Vector Labs (Burlingame, CA, USA). Fluorescein isothiocyanate (FITC) conjugated peanut
agglutinin (PNA), bovine serum albumin (BSA) and Tween20 were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Allophycocyanin (APC) conjugated Streptavidin was from
BioLegend (San Diego, CA, USA). Polyclonal goat anti-mouse immunoglobulins/FITC goat
F(ab’)2 was purchased from Dako (Santa Clara, CA, USA). SiaFind™ o(2,6)-specific reagent kit
biotinylated and SiaFind™ o(2,3)-specific kit biotinylated were acquired from Lectenz®Bio
(Athens, GA, USA). Paraformaldehyde (PFA) was purchased from Polysciences Inc.
(Warrington, PA, USA). FITC conjugated anti-HLA-ABC (W&6/32) antibody, recombinant
human interferon (IFN)-y standard and human IL-6, IL-13 and IL-10 ELISA kits were from
ImmunoTools GmbH (Friesoythe, Niedersachsen, Germany). 3,3'5,5'-Tetramethylbenzidine
(TMB) single solution was acquired from Thermo Fisher Scientific (Waltham, MA, USA).
Resazurin was obtained from Alfa Aesar (Thermo Fisher Scientific, Waltham, MA, USA).

HEK 293 cells were kindly provided by Prof. Rudiger Horstkorte (Martin-Luther-Universitat,
Halle-Wittenberg, Germany). Human hepatoblastoma (HepG2) cell line was provided by Prof.
Alexandra Fernandes (UCIBIO, Lisbon, Portugal). Mouse monoclonal IgG2a antibody 735
against polysialic acid was provided by Prof. Rita Gerardy Schahn (Medical School Hannover,

Germany).
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2.2 Cell Culture

HEK 293 wild type (HEK 293 WT), HEK 293 GNE knock-out (HEK 293 GNE KO) and HepG2
cells were cultured in DMEM 4.5 g/L glucose, supplemented with 10% FBS, 1% PenStrep, 1%
L-glutamine and 3 pg/mL of Plasmocin® prophylactic to prevent mycoplasma contamination, in
T75 culture flasks (Sarstedt, Nimbrecht, Germany) and incubated at 37 °C, with 5% CO; and a
humidified atmosphere. HEK 293 GNE KO cells were generated by CRISPR/Cas9 technology
(GLCNE CRISPR/Cas9 KO Plasmid (h): sc-406100 and GLCNE HDR Plasmid (h): sc-406100-
HDR (Santa Cruz Biotechnology, Dallas, TX, USA)) and express a Red Fluorescent Protein
(RFP) gene to visually confirm transfection and a puromycin resistance gene for selection of KO
cells (see Appendix 1). HEK 293 GNE KO cells medium was supplemented with 2.5 pg/mL of

puromycin to ensure KO selection.

At near-confluent stage, cells were detached with trypsin-EDTA (0.05%) for 5 min at 37 °C.
Afterwards cells were centrifuged at 200 g for 5 min (Eppendorf 5702R). Cell pellets were
resuspended, and cell suspensions were used for cell splitting or sub-culture for the experiments

described below.

2.3 Cell Viability and Metabolic Function

Resazurin assay is a simple, reliable, and sensitive method to measure cell viability. Cell growth
creates a reduced environment capable of reducing resazurin (blue and non-fluorescent) to
resorufin (red fluorescent dye). The colorimetric signal generated from the assay is proportional

to the number of living cells (Figure 6).
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Figure 6 — The principle of resazurin cell viability assay. Reductases of viable cells reduce to resorufin.
Chemical structures of resazurin and resorufin. Image from Csepregi, R. et al. (2018).1%
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Both HEK 293 WT, HEK 293 GNE KO and HepG2 cells were seeded in 96-well plates (3 x 10*
cells per well) (Orange Scientific, Braine-I'Alleud, Belgium) in DMEM medium, in triplicate.
Cells were allowed to attach for 24 h. To evaluate compound effect in cell viability, cells were
exposed to ManNAc (100 uM) and ManNAc-6-P (100 uM) in DCCM-1 serum free medium for
another 24 h (37 °C, 5% CO2).

After incubation, the medium was replaced by 200 uL of a 44 uM resazurin solution prepared in
DCCM-1 medium. Cells were monitored during 4 h with absorbance reads on a SpectraMax 190
Microplate Reader at 570 nm and 600 nm at each 30 min, to determine the optimal incubation

time for these cell lines and density. SoftMax Pro software (version 6.4.) was used to acquire data.

For measurement of cell viability and metabolic activity, unconverted resazurin background at
600 nm was discounted from resorufin absorbance at 570 nm. Three independent assays were

performed.

2.4 Cell Surface Staining

HEK 293 WT and HEK 293 GNE KO cells were cultured in 6-well plates (6 x 10° cells/well)
(Thermo Fisher Scientific) in DMEM medium and incubated at 37 °C for 24 h to allow
attachment. Cells were incubated with intermediates of the sialic acid biosynthesis, ManNAc (100
1M) and ManNAc-6-P (100 uM) in DCCM-1 serum free medium for 24 h at 37 °C, with 5% CO;

and a humidified atmosphere.

Following exposure to ManNAc and ManNAc-6-P, cells were harvested and counted using an
automatic cell counter (EVE™, NanoEntek) to have 1.5 x 10° cells per condition. Cells were

washed with PBS 1x and centrifuged at 300 g for 5 min at 4 °C (Eppendorf 5430 R).

SNA solution (1:100 in PBS + 1 % BSA), SiaFind™ o(2,3)-Specific solution (1:100 in PBS + 1
% BSA) and SiaFind™ o(2,6)-Specific solution (1:100 in PBS + 1% BSA) were added to cell
pellets and incubated for 20 min at 4 °C in the dark. Afterwards, fluorophore-labelled streptavidin
(1:1000 in PBS + 1% BSA) was added and incubated for another 10 min at 4 °C.

Similar to the previous lectins, the 735 antibody against polysialic acid (1:100 in PBS + 1% BSA)
was added to the cell pellets and incubated for 20 min at 4 °C in the dark, after which the FITC

conjugated goat anti-mouse immunoglobulins was added for 10 min at 4 °C in the dark.

FITC-conjugated PNA solution (1:100 in PBS + 1% BSA) and MHC | antibody (2:100 in PBS +
1% BSA) were added to cell pellets and incubated for 30 min at 4 °C in the dark.
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After each incubation, cell pellets were washed with PBS + 1% BSA and centrifuged at 300 g for
5 min at 4 °C. Following the surface staining, HEK 293 WT and HEK 293 GNE KO cells were
fixed with 300 pL of 2% PFA for flow cytometry analysis.

2.5 Flow Cytometry

Flow cytometry is a method used to count or/and distinguish different cell populations, and it is
used for analysing the expression of cell surface and intracellular molecules as a result of

fluorescent detection.

For each sample, at least 1 x 10* events corresponding to the relative size and granularity of HEK
293 cell line were acquired on an Attune Acoustic Focusing Cytometer (Applied Biosystems,
Waltham, MA, USA). Data were analysed using FlowJo software version 10.0.5 (TreeStar, San
Carlos, CA, USA) after cell gating and doublet exclusion by height and width parameters, to
ensure only single cells were counted. GNE KO cells were gated in the HEK 293 GNE KO cell

line using the RFP fluorescence to visually confirm transfection (Figure 7).

For each staining condition described in the previous section, the respective mean fluorescent
intensity (MFI) of unstained control was subtracted and the results are presented as AMFI. At

least three independent experiments were performed in duplicate.

A B C
HEK 293 cells Single cells

4.0M

: GNE knock-out
8.0M 846

—

6,00 7

SSC-A
TSC-A

40m 7

2,0M 7

HEK
90,0 96,7

Single Cells

T T T T

0 2 a 8
0 2,0M 4.0M 6.0M 8.0M 0 20M 4.0M 8.0M 8.0M 10 10 10 10

FSC-A TSC-1T Red Fluorescent Protein

Figure 7 — Gating strategy of HEK 293 cell population and GNE KO cells. (A) Viable HEK 293 cells were gated
from the dead cells and debris. (B) Single Cells gate avoid the quantification of doublets and other aggregated particles.
(C) GNE KO cells with RFP fluorescence were selected in the HEK 293 GNE KO cell line.

2.6 Enzyme-linked immunosorbent assay (ELISA)

For ELISA assay, both HEK 293 cell lines were cultured in 6-well plates (6 x 10° cells/well)
(Thermo Fisher Scientific) in DMEM medium and incubated at 37 °C for 24 h. Cells were
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incubated with ManNAc (100 pM) and ManNAc-6-P (100 pM) in DCCM-1 medium for 24 h and
other subset of cells was incubated with IFNy (100 uM) for 6 h at 37 °C, with 5% CO, and a
humidified atmosphere. After incubation, the supernatant of each well was collected to quantify
IL-6, IL-1p and IL-10 cytokines, using the human IL-6, IL-1p and IL-10 ELISA Kkit, respectively.

According to the Kit instructions, 100 uL of diluted anti-human cytokine capture antibody (1:100
in PBS) were added to each well of a 96-wells ELISA plate (Costar) and incubated overnight at
room temperature. After incubation, the capture antibody was removed and 300 uL of blocking
buffer [PBS + 2% BSA (w/v) + 0.05% Tween20 (v/v)] were added to each well and incubated for
1h at room temperature. The blocking buffer was removed and 100 pL of serial dilutions prepared
in blocking buffer (according to each cytokine kit detection range) and samples were added to the
respective well in duplicate and incubated for 2 h at room temperature, followed by five washing

steps.

Anti-human IL-6, IL-1f3 and IL-10 detection antibody was diluted 1:100 in blocking buffer and
100 pL of the diluted antibody were added to each well for another 2 h at room temperature,
followed by five washing steps. Right after, 100 uL of Poly-Horseradish Peroxidase (HRP)-
Streptavidin diluted in 1:1000 in blocking buffer were added to each well and incubated for 30
min at room temperature, and then the wells were washed. TMB substrate warm to room
temperature was added to the wells (100 pL) and incubated for 1 h at room temperature in the
dark.

After incubation, 50 uL of 2 M of sulfuric acid (H.SO.) were added to each well to stop the
enzymatic reaction and the absorbance was read at 450 nm on a SpectraMax 190 Microplate
Reader. SoftMax Pro software was used to collect the data. At least three independent experiments

were performed in duplicate.

2.7 Statistical Analysis

All data was analysed using the Microsoft Office Excel and statistical analysis was performed
using the GraphPad Prism 8.0 software (GraphPad Software, La Jolla, CA, USA) for Windows.

A Shapiro-Wilk normality test was employed to check the distribution of the data, and a Grubb's
test to determine the presence of outliers. Two-tailed unpaired t-test was employed to assess
statistical differences. Differences were considered statistically significant at the level of 0.05 (p
<0.05).
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2.8 Prediction of ADMET-related endpoints by Computational Analysis

Prediction of ADMET properties of ManNAc, ManNAc-6-P, Sofosbuvir, and of the synthesized
ManNAc phosphoramidate prodrugs (1-12) was carried out using the web server pkCSM
(http://biosig.unimelb.edu.au/pkcsm/) from the Biosig Lab University of Melbourne.

To assess qualitatively the drug-likeliness of the synthesised compounds, chemical parameters,

such as the octanol-water partition coefficient (LogP), and the topological polar surface area
(TPSA) were retrieved from SwissADME software (ChemAxon).
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3 | Results and Discussion

3.1 Characterization of a New Cell Model of GNEM

In the past decades, new cell models of GNEM have been developed either with GNE typical
mutations or decreased GNE expression, but there is still a need of stable cell lines that are
recognized by the scientific community as a good model for the study of GNEM mechanism, new

diagnostic methods, and therapies.

In this work was used a new cell model of GNEM, the HEK 293 GNE KO cell line generated by
CRISPR/Cas9 technology. It is important to highlight that in this cell line there is a KO of the
GNE gene and, therefore, there is no expression of the GNE protein. So, there is a more drastic
change than in patients because, as it was mentioned previously, no case in which the patient has
two null mutations is known.®” However, the use of such cellular model has the advantage of

providing good result reliability and accuracy.
3.1.1 Sialophenotype of HEK 293 GNE KO cells

For characterization of the sialophenotype of the new GNEM cell model, the sialic acid profile in
the cell surface of the HEK 293 WT and HEK 293 GNE KO was evaluated by lectin staining,
using flow cytometry. HEK 293 cells were stained with lectins, such as SNA and PNA, and with

SiaFind™ o(2,3)-specific and a(2,6)-specific solutions from Lectenz®Bio (Figure 8).

Commercially available lectins are an important tool in glycobiology for glycan content analysis,
due to the ability of lectins to bind to specific carbohydrate structures.®%® SNA lectin, from the
elderberry Sambucus nigra, predominantly recognizes terminal Neu5Ac in an «(2,6)-linkage with
either galactose or with GalNAc in N-glycans. In turn, PNA lectin from peanut has specificity for
the desialylated core 1 mucin type O-glycan, therefore a higher staining is associated to a lower
content of Neu5Ac (see Appendix 2). Quantification of the sialic acid content at the cell surface

using SNA and PNA lectins is a common method in muscle biopsies of GNEM patients. 6%

In this work, Lectenz®Bio reagents specific for NeuSAc in an a(2,3)-linkage and in a a(2,6)-
linkage (hereafter named as SiaFind a(2,3)-specific and SiaFind o(2,6)-specific) were also used.
These solutions are novel recombinantly expressed proteins that may overcome the disadvantages

of plant lectins, including high lot-to-lot variations and autoglycosylation,
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Figure 8 — Characterization of sialic acid profile by lectin staining. (A) SiaFind o(2,3)- and o(2,6)-specific staining
solutions, and SNA staining of HEK 293 WT and HEK 293 GNE KO cells. (B) PNA staining of HEK 293 WT and
HEK 293 GNE KO cells. For each condition at least 1 x 10* events corresponding to the relative size and granularity
of HEK 293 cells were acquired on an Attune Acoustic Focusing Cytometer using the gating strategy depicted in Figure
7. Values represent MFI (mean £ SD). Significant differences at **p < 0.01, **** p <0.0001 (n>3).

Overall, adecrease in the staining of the HEK 293 GNE KO cells with SiaFind a.(2,3)- and a(2,6)-
specific solutions and SNA lectin was observed (Figure 8A), with a significant difference for the
SiaFind «/(2,3) staining (p < 0.0001). An MFI decrease with SNA and SiaFind o(2,6)-Specific
solution was also observed but the difference between HEK 293 GNE KO and WT cells was not
statistically significant (p > 0.05). Since both proteins recognize sialic acid in an o(2,6)-linkage,
these results seem to indicate that the KO of the GNE gene affects more the sialylation in a(2,3)
than in o(2,6). As far as we are aware, this effect has not been described in samples of GNEM
patients. In fact, the difference between sialylation in a(2,3) and o(2,6) may be explained by the
cells used in this work. Many sialyltransferases are tissue-specific and are involved in tissue-
specific sialylation.'® For instance, sialyltransferases carrying out o.(2,6)-linkage are expressed
in an exceptionally high level in tissues like the liver and have lower expression in others like
skeletal muscle.’®® Then, it is possible that the cells used in this study (HEK cells, derived from
Human Embryonic Kidney) present a higher expression of a(2,6)-sialyltransferases than o.(2,3)-
sialyltransferases, leading to lower MFI levels with SiaFind a(2,3)-specific solution when the
GNE gene is KO.

In spite of this, a 5-fold MFI increase with PNA staining was found in HEK 293 GNE KO cells
(Figure 8B).
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Considering the structures recognized by the lectins analysed herein, our results are in accordance
with what was expected after a GNE KO. Moreover, a similar trend has been typically observed

in the muscle biopsies from GNEM patients.'%1%

Unlike a(2,3)- and a(2,6)-sialylated glycans that are easily detected by lectin staining, no lectins
are available to detect polysialic acid. Polysialic acid caps terminal sialic residues on N- and O-
glycoproteins, like NCAM, through the action of polysialyltransferases.'® There is evidence that
polysialic acid has a role in cell adhesion, migration, synaptic plasticity, development,
regeneration, immune function and disease.**>** In order to evaluate the polysialylation profile
in the HEK 293 WT and HEK 293 GNE KO cells an anti-polysialic acid antibody, the 735
antibody, was used (Figure 9).
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Figure 9 — Characterization of polysialylation through antibody staining. Staining of HEK 293 WT and HEK 293
GNE KO cells with 735 antibody against polysialic acid (poly-Sia). For each condition at least 1 x 10 events
corresponding to the relative size and granularity of HEK 293 cells were acquired on an Attune Acoustic Focusing
Cytometer using the gating strategy depicted in Figure 7. Values represent MFI (mean + SD). Significant differences
at **#%% p < 0.0001 (n>3).

As it can be seen (Figure 9), polysialylation is significantly lower in GNE KO cells compared to
WT. Altogether, the results obtained (Figures 8 and 9) confirm the interruption of sialic acid
biosynthesis in HEK 293 GNE KO cell line and pinpoint this cell line as a good model to study

GNEM mechanisms.
3.1.2 Metabolism of HEK 293 GNE KO cells
HEK 293 metabolism was evaluated during 4 h by measuring the conversion of resazurin to

resorufin (Figure 10). The measured resorufin absorbance is directly proportional to cell viability

and metabolization.
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Figure 10 — Metabolization of HEK 293 cells. Measurement of metabolic activity by discount the unconverted
resazurin background at 600 nm to the resorufin (product) absorbance at 570 nm. Values are treated as mean + SD.
Significant differences at * p < 0.05 ** p < 0.01 (n=3).

The metabolization measured for HEK 293 GNE KO cells was higher than that of HEK 293 WT
(Figure 10). HEK 293 GNE KO cells converted the resazurin into resorufin more rapidly,
indicating the presence of a reducing environment, typically associated with cell growth. Our
results corroborate other reports, pointing to higher proliferation rate in desialylated cells, and to

an inverse correlation between GNE levels and cell proliferation. 2113

3.2 Evaluation of an Immune Response

In order to test our hypothesis that defective sialylation in GNEM cells has an impact on the
immune response, we measured the expression of MHC-I, an antigen-presenting molecule
expressed by all nucleated cells. In a previous work from our group it was reported that MHC-I
molecule is commonly sialylated in o(2,6).8' Since MHC-I is essential for T cell activation and
for assembling a correct immune response, we decided to investigate if the expression of this
molecule was altered when the sialic biosynthesis pathway has been compromised by the GNE
KO (Figure 11).
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Figure 11 — Evaluation of cell surface MHC-I expression. Staining of HEK 293 WT and HEK 293 GNE KO cells
with FITC conjugated anti-HLA-ABC (W6/32) antibody. For each condition at least 1 x 10* events corresponding to
the relative size and granularity of HEK 293 cells were acquired on an Attune Acoustic Focusing Cytometer using the
gating strategy depicted in Figure 7. Values represent MFI (mean + SD). Significant differences at ** p < 0.01 (n=3).
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A significant increase in the MHC-I expression was found on the HEK 293 GNE KO cell surface
relative to the HEK 293 WT cells (Figure 11). This observation is in agreement with previous
data obtained after DCs desialylation, supporting that sialic acid content modulates the presence
and stability of the MHC-1 complex, which in turn increases antigen presentation and immune
potency.® In this line of thinking, higher expression of MHC-1 in HEK 293 GNE KO cells
suggests the involvement of an immune response initiated via MHC-I presentation in GNEM.
However, to confirm the previous theory, it would be important to demonstrate that this increase
in MHC-1 expression is reflected in increased activity of the molecule. In other words, that the

increase in MHC-I results in greater antigen presentation to T lymphocytes.

Nevertheless, the higher expression of MHC-1 in the GNEM cell model is consistent with some
observations of infiltration of inflammatory cells with increased expression of MHC-1 in muscle
biopsies of early-stage GNEM patients.”*®° Our results together with the case reports highlight
the importance of studying immune mechanisms in this myopathy, especially because very little

has been explored and is known.

Having in mind the need to explore other immune responses in GNEM, IL-6, IL-1p and IL-10
cytokine production by HEK 293 WT and HEK 293 GNE KO cells was evaluated throw ELISA
assay. For IL-1B and IL-10 cytokines no signal was detected, indicating none or low secretion of
these cytokines. Thus, only IL-6 levels will be discussed in this section (Figure 12). IL-6 cytokine
is typically produced by monocytes and macrophages after recognition of PAMPs or DAMPS by
the PRRs.** In case of an infection or injury the serum levels of IL-6 raises, and this cytokine
plays several roles like activation of hepatocytes, immune-competent and haematological cells,

for elimination of infectious agents and tissue healing.***

Among known immune-related stimuli, IFNy was the one selected for simulating an infection
environment in HEK 293 cells. IFNy is a cytokine primarily produced by the cells of the immune
system after the activation of PRRs or other reactive antigen receptors during infection or damage.
So, an early burst of IFNy production occurs typically during infections before the emergence of
an acquired immune response.**®> However, IFNy receptor is not exclusively expressed in immune
cells but in almost all cell types, thus making IFNy a good stimulus for the cells used in this

116

study.
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Figure 12 — 1L-6 secretion in GNEM cell model. Values represent pg of I1L-6 secreted per mL of HEK 293 cell
supernatant (mean + SD) at basal state and after 6 h incubation with recombinant human interferon y (IFNy). HEK 293
cells were cultured in DMEM medium for 24 h and incubated with DCCM-1 with or without IFNy stimulus. Cell
supernatant of each condition was collected, and IL-6 was quantified using the human IL-6 ELISA kit from
ImmunoTools. P-value presented was obtained by unpaired t-test between HEK 293 WT basal and HEK 293 WT IFNy.

As depicted in Figure 12, the basal levels of 1L-6 released by HEK 293 WT cells are in the range
of IL-6 levels already reported in the absence of stress, like injury and infections (< 4 pg/mL),**
which validates our results. Considering the two cell lines evaluated, HEK 293 GNE KO cells
exhibit lower basal levels of the cytokine in the supernatant than the HEK 293 WT cells.
Moreover, when the inflammatory stimulus IFNy was added to the cells, the value of IL-6
secreted remained almost the same for HEK 293 GNE KO cells while in HEK 293 WT cells an

increase was observed (p = 0.0699).

The mechanism of how changes in glycosylation influence IL-6 secretion remains unclear;
however, a similar trend has already been observed by our group for the most common CDG,
PMM2-CDG (unpublished data). PMM2-CDG is characterized by a defect in the synthesis of N-
glycans, while GNEM is associated with a defect in the sialic acid biosynthesis that compromises
the addition of this sugar to N- and O-glycans. Therefore, changes in glycosylation in these two
pathological conditions are considerably different, raising a question: what disturbance in

glycosylation affects the secretion of 1L-6?

When analysing the IL-6 and MHC-I results obtained herein, they appear to be contradictory.
MHC-I result suggests a higher antigen-presentation to T lymphocytes in GNEM cells leading to
the activation of a cytotoxic response, whereas IL-6 result points to lower response of GNEM
cells to an infection stimulus compromising the assembling of an immune response to an infection
or injury. Nevertheless, the immune system is highly complex, the same molecule can play
redundant and pleiotropic functions and more than one pathway, even with opposite functions,

can be active at the same time to ensure the equilibrium of the immune response. So, what the
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previous results show us is that the immune response is modulated by the sialic acid content and
that understanding this mechanism could bring some light into GNEM pathophysiology.

3.3 Supplementation with Intermediates of Sialic Acid Biosynthesis

With the purpose of finding a new and improved therapeutic approach for GNEM, the ProDGNE
project is developing prodrugs that have ManNAc-6-P as active compound. In this work, HEK
293 WT and HEK 293 GNE KO cells were supplemented with ManNAc (in phase 2 clinical trial,
ClinicalTrials.gov NCT04231266) and ManNAc-6-P, both intermediates of sialic acid
biosynthesis, and cell toxicity and efficacy was evaluated.

3.3.1 Cell Viability Evaluation After ManNAc and ManNAc-6-P Supplementation

The cell toxicity of ManNAc and ManNAc supplementation was evaluated in HEK 293 and
HepG2 cells (Figure 13).
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Figure 13 — Cell Viability after ManNAc and ManNAc-6-P supplementation. Cell viability measured by resazurin
assay after 24 h supplementation with ManNAc (100 uM) and ManNAc-6-P (100 uM) in DCCM-1 medium. The
results of cell viability were expressed as the % of resazurine reduction of treated cells relative to control (CTRL,
untreated cells): Resazurine reduction (%) = (Acompound / Acontrol) x 100%, where A corresponds to the absorbance.
Values are treated as mean + SD (n=3).

Supplementation with ManNAc (100 uM) and ManNAc-6-P (100 uM) reveal no toxicity to HEK

293 cells (viability > 90%) (Figure 13), enabling evaluation of an improvement in the response
of HEK 293 GNE KO cells after supplementation.

Assessment of cell viability in HepG2 cells after exposition to the compounds was important as
ManNAc and prodrugs will be administered orally in patients. Supplementation with these
concentrations of ManNAc and ManNAc-6-P did not show to reduce cell viability in a human

hepatic cell line (Figure 13).
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3.3.2 Sialophenotype After ManNAc and ManNAc-6-P Supplementation

To evaluate the effectiveness of ManNAc and ManNAc-6-P supplementation in restoring the
sialic acid content at the cell surface, HEK 293 WT and HEK 293 GNE KO cells were stained
with SiaFind o(2,3)- and a(2,6)-specific solutions, SNA and PNA, and analysed by flow
cytometry (Figure 14).
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Figure 14 — Sialic acid profile after ManNAc and ManNAc-6-P supplementation. (A) SiaFind a(2,3)-specific
staining (B) SiaFind a(2,6)-specific staining (C) SNA staining (D) PNA staining of HEK 293 WT and HEK 293 GNE
KO cells after supplementation with ManNAc (100 uM) and ManNAc-6-P (100 uM). For each condition at least 1 x
10% events corresponding to the relative size and granularity of HEK 293 cells were acquired on an Attune Acoustic
Focusing Cytometer using the gating strategy depicted in Figure 7. Values represent MFI (mean + SD). Significant
differences at ** p < 0.01, *** p <0.001 and **** p <0.0001(n>3) relative to HEK 293 WT basal.
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Regarding SiaFind a.(2,3) staining (Figure 14A), as in the 3.1.1 section, HEK 293 GNE KO cells
have a lower staining then HEK 293 WT. However, when supplemented with noncytotoxic
concentrations of ManNAc (100 uM) and ManNAc-6-P (100 uM), a slight increase in SiaFind
o(2,3) staining of HEK 293 GNE KO cells was observed. This trend is depicted by a reduction in
statistical significance (from **** p <0.0001 to *** p <0.001) when comparing the supplemented
HEK 293 GNE KO with the basal HEK 293 WT cells. This result supports the hypothesis that
supplementation with intermediates of the sialic acid pathway can improve the sialylation at the
cell surface; however, a higher dose of the compounds could restore the sialophenotype.

Concerning o(2,6)-sialylation, evaluated using the SiaFind o(2,6)-specific solution (Figure 14B)
and SNA lectin (Figure 14C), no conclusion can be draw. ManNAc and ManNAc-6-P
supplementation resulted in a decrease of SiaFind o(2,6)-specific staining and an increase of SNA
staining in HEK 293 GNE KO cells. These contrasting results may be due to high variability
between assays and with SNA, in particular, the discrepancy between assays can be associated

with the cell toxicity.

Results with PNA staining after supplementation failed to show a significant change in the
sialylation profile of HEK 293 cells (Figure 14D).

Overall, supplementation did not show to increase cell sialylation. Although, this was not the
expected results, especially for ManNAc supplementation (phase 2 clinical trials and moving
forward), other works have already raised the hypothesis that intermediates of the sialic acid
biosynthesis could have additional functions and be important for other pathways rather than sialic
acid synthesis.™*" In any case, if the compounds participate in other cellular mechanisms, it is
possible that higher doses can restore sialic acid levels. In addition, and since different cells have
specific cellular mechanisms and sialylation profiles, other cell models, such as skeletal muscle
cells (mainly affected in GNEM) could be used.

3.3.3 Immune Response after ManNAc and ManNAc-6-P Supplementation

To assess if supplementation with sialic acid intermediates alters the immune response, the
markers MHC-I and IL-6 cytokine were measured after incubating the HEK 293 WT and HEK
293 GNE KO cells with ManNAc and ManNAc-6-P for 24 h. The MHC-I expression at cell
surface was evaluated by flow cytometry (Figure 15) and IL-6 secretion was measured on

supernatants by the ELISA method (Figure 16), as before.
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Figure 15 — MHC-1 expression after ManNAc and ManNAc-6-P supplementation. Staining of HEK 293 WT and
HEK 293 GNE KO cells with FITC conjugated anti-HLA-ABC (W6/32) antibody after supplementation with ManNAc
(100 uM) and ManNAc-6-P (100 uM). For each condition at least 1 x 10* events corresponding to the relative size and
granularity of HEK 293 cells were acquired on an Attune Acoustic Focusing Cytometer using the gating strategy
depicted in Figure 7. Values represent MFI (mean + SD). Significant differences at ** p <0.01 (n>3).

A decrease of MHC-I expression in HEK 293 GNE KO cells after supplementation with ManNAc
and ManNAc-6-P was observed (Figure 15). In fact, the values of MFI after supplementation
were lower and closer to those obtained for WT cells, suggesting that sialic acid intermediates
can influence the stability of MHC-I complex, probably by promoting the turnover of the

complex.

However, it is still not possible to determine if supplementation was enough to restore the
sialylation of MHC-I and to conclude that the decrease in the MHC-1 expression is due to
sialylation of the complex. Supplementation with ManNAc and ManNAc-6-P may be affecting
the stability of the MHC-1 molecule via other pathways. To test if the sialylation of the MHC-I
molecule was restored, the next step will be detecting the sialic acid content of the

immunoprecipitated MHC-1 protein by western blot.

— Em HEK 293 WT
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Figure 16 — IL-6 secretion in GNEM cell model. Values represent pg of IL-6 secreted per mL of medium (mean +
SD) HEK 293 cells were cultured in DMEM medium for 24 h and incubated with DCCM-1 with or without ManNAc
(100 uM) and ManNAc-6-P (100 uM). The supernatant of each condition was collected, and IL-6 was quantified using
the human IL-6 ELISA kit from ImmunoTools. Significant differences at * p < 0.05, ** p < 0.01 relative to basal HEK
293 GNE KO (n>3).
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Regarding IL-6 secretion (Figure 16), the levels of this cytokine measured in the supernatant of
HEK 293 GNE KO cells after ManNAc and ManNAc-6-P supplementation raised significantly
face to the basal levels. After supplementation, the levels of IL-6 were similar to those observed
in WT cells and reported for normal cells in the absence of stress.** This observation suggests
that supplementation with intermediates of sialic acid biosynthesis pathway can re-establish a
normal IL-6 response in GNEM cells, which will be essential to fight new infections or injuries.

3.4 Prediction of ADMET-related Endpoints of Synthesized ManNAc

Phosphoramidate Prodrugs

Optimal prodrugs need to have effective ADMET features, and to have appropriate safety.™®
Considering that the cost of drug development is many times larger than that of drug discovery,
predictive methodologies arise as valuable tools that ultimately can aid the selection of the most
promising drug candidates. Herein, we aimed at establishing a comprehensive analysis on the
most appropriate phosphoramidate motifs for developing prodrugs (Figure 17) that meet the
following requirements: a) be orally available; b) survive the gastrointestinal (GI) tract; ¢) be
absorbed across intestinal mucosa; d) be delivered into the systemic circulation following its
passive transport; and €) be distributed into cells to be converted to ManNAc-6-P, which will be

directly converted into sialic acid.

Aromatic
substituent

Amino acid
side chain

CH,

Figure 17 — ManNAc phosphoramidate prodrug template. The ManNAc-6-P molecule was used as template for the
synthesis of the new prodrugs by adding phosphate masking groups.
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Molecular properties and ADMET-related parameters of the synthesized ManNAc
phosphoramidate prodrugs (1-12) are presented in Table 1.

Among others, LogP and TPSA are important physicochemical descriptors that have recognized

impact on oral bioavailability of drugs'*®

and in the transport across the intestinal barrier.

The TPSA of the prodrugs were all greater than 140, suggesting that they still have strong polarity
and are not easily absorbed by the body. However, many compounds do not show only simple
passive diffusion, being also affected by active carriers, efflux mechanisms involving P-
glycoprotein (P-gp) and other transporter proteins, and gut wall metabolism.*® In fact, the
synthetized prodrugs are predicted to interact with P-gp and to be substrates of cytochrome
(CYP)3A4 (Table 1). Although CYP3A4 and P-gp have opposite distribution patterns and
expression along the human small intestine, they both display similar substrate specificities and
are involved in many drug interactions.*?® Due to the significant impact of P-gp and CYP3A4 on
ADMET, docking studies are proposed to understand the interaction between the prodrugs and

these proteins.

The ProTide technology employs phosphate-masking groups capable of providing more
favourable drug-like properties to the substrate to which is attached, such as ManNAc-6-P. Except
for prodrug 3 (LogP = 0.92), the remaining ManNAc phosphoramidate prodrugs are predicted as
having ideal lipophilicity (1< LogP <5) (Table 1). Indeed, it is reported that prodrug 3 did not
demonstrate activation following the carboxypeptidase assay and it was not capable of producing

observable effects on cell sialic acid levels,**

which supports our general predictions. When
compared with ManNAc (LogP = -1.76) (Table 2), currently in phase Il of clinical trials, all
prodrugs show better lipid solubility (higher LogP and lower water solubility) that may help them

to interact with cell membranes.

Factors like water solubility, membrane permeability indicated by human colorectal
adenocarcinoma (Caco-2) cell line, intestinal absorption (human), skin permeability, and P-gp
substrate or inhibitor were used to predict the potential for a compound to be absorbed (Tables 1
and 2).

According to the model theory, a compound is considered to have high Caco-2 permeability if it
has apparent permeability coefficient (Papp) values higher than 8 x 10® cm/s (which is translated
in predicted values higher than 0.90). Although none of the synthesized prodrugs present high
Caco-2 permeability (values ranging between -0.091 and 0.284) (Table 1) they are predicted to
be more easily absorbed than ManNAc (log Papp = -0.285) (Table 2).
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A molecule with an intestinal absorption of less than 30% is considered to be poorly absorbed.
All prodrugs are predicted to have a good absorption (ranging between 58% and 78%) (Table 1),
whereas ManNAc do not reach 20% absorption (Table 2). In fact, in the open-label, phase 2 study
to evaluate oral ManNAc in 12 patients with GNEM, gastrointestinal adverse events were
common and suggested to be related to an incomplete absorption of ManNAc, which supports
these predictions. Still, an alternative route of administration for both the prodrugs and ManNAc
can be sought (e.g., transdermal drug delivery), since they are predicted to be capable of
penetrating the skin (log Kp < -2.5) (Tables 1 and 2).

The distribution volume (VDss), fraction unbound (human), central nervous system (CNS)
permeability and blood-brain barrier (BBB) membrane permeability (log BB) were used to
characterize the distribution of compounds (Tables 1 and 2).

Among the synthesized prodrugs, 6, 11, and 12 were the ones with higher distribution volume
(log VDss > -0.15), but still lower than that of ManNAc (Table 2). In the phase 2 clinical trial
ManNAc was found to be rapidly absorbed and exhibited a high apparent volume of distribution,
consistent with extensive distributions to tissues, which is in agreement with these predictions.
Still, the capacity of both the prodrugs and ManNAc to be distributed in the brain (log BB < -1)
and to penetrate the CNS (log PS < -3) is low (Tables 1 and 2). For prodrugs, the predicted
fraction that would be unbound in plasma (ranging between 0 and 0.269 Fu) is much lower than
that calculated for ManNAc (0.869 Fu), indicating that the prodrugs can cross cell membrane
more efficiently than ManNAc (Tables 1 and 2).

The interaction with hepatic CYP enzymes, which play key roles in metabolic processes, was
used to determine the putative metabolism of compounds (Tables 1 and 2). As mentioned before,
all prodrugs are predicted to be substrates of CYP3A4 (Table 1), responsible for the metabolism

of more than 50% of drugs, which suggests they may be metabolized in the liver.

Total clearance, corresponding to the sum of renal and hepatic processes by which drugs are
removed from the body or inactivated, and assessing a compound potential to be transported by
organic cation transporter 2 (OCT2), were the predictors used to characterize the excretion of
compounds (Tables 1 and 2). Among the synthesized prodrugs, the total clearance of the prodrug
4 is predicted to be the highest (Table 1); however, it is still lower than that of ManNAc (Table
2), suggesting that ManNAc is removed from the body more rapidly than the prodrugs.

The prediction of toxicity of drug candidates is one of the important components of the drug

discovery pipeline. Parameters such as mutagenicity (AMES test), cardiotoxicity (human Ether-
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a-go-go-related (hERG) inhibition), hepatotoxicity and skin sensitization were selected to
estimate the toxicological potential of the compounds (Tables 1 and 2).

Overall, the results suggest that most prodrugs may be well tolerated; however, prodrug 6 is
highlighted as potentially mutagenic (AMES toxicity: Yes), cardiotoxic (nERG Il inhibitor: Yes)
and hepatotoxic (Hepatotoxicity: Yes) (Table 1). Considering that these prodrugs may be
extensively metabolized in the liver, their hepatotoxic potential cannot be set aside. Although no
toxic effects are predicted for ManNAc (Table 2), which has also been confirmed in the phase 2
clinical trial, mild transaminase elevations were observed in 75% of GNEM patients,®
emphasizing the relevance of exploring the interaction with hepatic enzymes and monitoring liver
function. The hepatoxicity potential of ManNAc (100 uM) and ManNAc-6-P (100 uM) was
assessed using a cell model from hepatoblastoma, the HepG2 cell line (subsection 3.3.1). The
results obtained with this cell model confirmed the absence of hepatoxicity after ManNAc and
ManNAc-6-P supplementation, presenting an experimental validation for the computational

predictions.
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Table 1 — Results of ADMET-related properties of ManNAc phosphoramidate prodrugs with pkCSM.2

PRODRUG 1 2 3 4 5 6 7 8 9 10 11 12
; LogP 1.38 1.84 1.34 2.28 2.91 2.50 1.95 2.38 3.00 2.02 2.59
Molecular properties
TPSA
Water solubility
(log mol/L) 4191 | -4.029 | -4325 | -4115 | -411 | -4.252 | -4.423 | -3.994 | -4575 | -4397 | -4.048 | -4.105
Caco-2 permeability 0.258 | -0.091 | 0.011 | 0193 | -0111 | -0.075 | -0.044 | -002 | -0.026 | -0.051 | 0.257 | 0.284
(log Papp in 10° cm/s)
Intestinal absorption (human)
Absorption (9% absorbed) 58.293 | 60.508 | 68.149 | 66.365 | 64.259 | 77.628 | 71.683 | 60.556 | 71.487 | 72.425 | 62.683 | 62.334
Skin gs;”}l%a;b"'ty 2735 | -2.751 | -2725 | -2.735 | -2.741 | -2.736 | -2.741 | -2.751 | -2.743 | -2.739 | -2.735 | -2.735
P-glycoprotein substrate Yes Yes No Yes Yes Yes Yes Yes Yes Yes Yes Yes
P-glycoprotein | inhibitor Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
P-glycoprotein Il inhibitor No Yes No Yes Yes Yes Yes Yes Yes Yes No No
V'?fgg('l‘;g‘)"”) -0.358 | -0.512 | -0.677 | -0.178 | -0.359 | -0.109 | -0.332 | -0.497 | -0518 | -0.289 | -0.123 | -0.12
Fraction “”(bFou“)”d (human) 0167 | 023 | 0269 | 0079 | 0137 | 0082 | 0058 | 0254 | 0091 | 0054 | 0.142 | 0.000
Distribution BBB permeabili
(Fl’og BB) ty -1.761 | -2.098 | -257 | -1.682 | -1.941 | -1.919 | -1.957 | -2.153 | -2.023 | -1.932 | -1.702 | -1.883
CNS ggg”;es”)‘b"'ty 4264 | -4132 | -413 | -4364 | -3.985 | -3.838 | -3.957 | -4.148 | -3.946 | -3.939 | -407 | -4.177
CYP2D6 substrate No No No No No No No No No No No No
CYP3A4 substrate
CYP1A2 inhibitor No No No No No No No No
Metabolism CYP2C19 inhibitor No No No No No No No No
CYP2C9 inhibitor No No No No No No No No
CYP2D6 inhibitor No No No No No No No No
CYP3A4 inhibitor No No No No \ No No
: Total Clearance 0088 | 0153 | 0292 | 0302 | 0.097 | 004 | 0004 | 0238 | -0.096 | -0.028 | 0244 | -0.017
Excretion (log mL/min/Kg)
Renal OCT?2 substrate No
AMES toxicity No
hERG I inhibitor No
Toxicity hERG Il inhibitor No
Hepatotoxicity No
Skin Sensitization No

@ Green colour was used for indicating desirable ADMET properties; Red colour was used for indicating undesirable ADMET properties. Octanol-water partition coefficient (LogP); topological
polar surface area (TPSA); distribution volume (VDss); blood-brain barrier (BBB); central nervous system (CNS); organic cation transporter 2 (OCT2), human Ether-a-go-go-related (hERG).
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Table 2 — Results of ADMET-related endpoints of ManNAc and ManNAc-6-P with pkCSM.2

COMPOUND ManNAc ManNAc-6-P
LogP
Molecular properties
TPSA
Water solubility
(log mol/L) -0.818 -0.663
Caco-2 permeability )
(log Papp in 10 cm/s) 0.285 0.366
Intestinal absorption (human
Absorption ! v Absg’”')e d)( uman) | 19518 24.044
Skin Permeability -3.064 2752
(log Kp)
P-glycoprotein substrate No No
P-glycoprotein I inhibitor No No
P-glycoprotein Il inhibitor No No
VDss (human) )
(log L/kg) 0.101 0.253
Fraction unbound (human) 0.849 0.736
Distribution (Fu)
BBB permeability -1.023 1.275
(log BB) ) )
CNS permeability
(log PS) -4.382 -4.563
CYP2D6 substrate No No
CYP3A4 substrate No No
CYP1A2 inhibitor No No
Metabolism CYP2C19 inhibitor No No
CYP2C9 inhibitor No No
CYP2D6 inhibitor No No
CYP3A4 inhibitor No No
Total Clearance
Excretion (log ml/min/kg) 0.718 0.359
Renal OCT2 substrate No No
AMES toxicity No No
hERG I inhibitor No No
Toxicity hERG Il inhibitor No No
Hepatotoxicity No No
Skin Sensitization No No

@ Green colour was used for indicating desireble ADMET properties; Red colour was used for indicating undesirable
ADMET properties. N-Acetyl-D-mannosamine (ManNAc); N-Acetyl-D-mannosamine 6-phosphate (ManNAc-6-P);
octanol-water partition coefficient (LogP); topological polar surface area (TPSA); distribution volume (VDss); blood-
brain barrier (BBB); central nervous system (CNS); organic cation transporter 2 (OCT2), human Ether-a-go-go-related
(hERG).
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4 | Conclusions and Future Perspectives

There has been growing evidence of sialylation’s role in human health and disease, including in
the maintenance of a normal immune response. GNEM is known to have the sialic acid
biosynthesis pathway impaired. Therefore, exploring the role of sialylation, as well as alternative
cellular and molecular mechanisms that may lead to this disorder, is essential for developing novel
therapeutics and ultimately improving patient quality of life.

Overall, the work developed under the scope of this dissertation paves the way for studying an
immune involvement in GNEM, since an MHC-I overexpression and low IL-6 secretion levels
(even in the presence of an inflammatory stimulus) were observed in a new GNEM cell model.
Although MHC-I overexpression suggests the activation of the acquired immune response in
GNEM cells, the low IL-6 secretion points to a greater susceptibility to pathogens. Nevertheless,
the immune system is highly complex, and several pathways (even with opposite functions) are

typically active at the same time to ensure a correct response.

After supplementation with sialic acid intermediates, no significant changes were observed in the
sialophenotype of GNEM cells, but small improvements in the immune response were shown.
The evaluation of the MHC-I and IL-6 levels proved then to be a more sensitive method, pointing
these immune players as good biomarkers to be used in clinical development. Still, further work
is needed to better clarify how MHC-I expression and IL-6 secretion relates with sialylation

profile and other cellular mechanisms involved in GNEM.

Although no therapy is still available to fight GNEM, sialylation-increasing approaches based on
prodrug technology seem to be promising. ADMET predictions conducted during this thesis
suggest prodrugs to be more lipophilic, with higher membrane and intestinal absorption, and
lower clearance than the reference standard ManNAc. Despite this, there were predictions of
hepatoxicity, cardiotoxicity and mutagenic potential for some of the prodrugs. According to our
current computational predictions, the prodrugs with better drug-like properties are prodrugs 1
and 11, for which high absorption and no toxic effect is expected. ADMET predictions, along
with the toxicity and efficacy assays that were developed, encourage us to test the new prodrugs

for future clinical applications.
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6 | Appendix

Appendix 1: Supplementary Documents

SANTA CRUZ
GLCNE CRISPR/Cas9 KO Plasmid (h):
sc-406100

BACKGROUND \

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-
associated protein (Cas9) system is an adaptive immune response defense mechanism used by
archea and bacteria for the degradation of foreign genetic material (4,6). This mechanism can be
repurposed for other functions, including genomic engineering for mammalian systems, such as
gene knockout (KO) (1,2,3,5). CRISPR/Cas9 KO Plasmid products enable the identification and
cleavage of specific genes by utilizing guide RNA (gRNA) sequences derived from the Genome-
scale CRISPR Knock-Out (GeCKO) v2 library developed in the Zhang Laboratory at the Broad
Institute (3,5).

REFERENCES ‘

1.Cong, L., et al. 2013. Multiplex genome engineering using CRISPR/Cas systems. Science 339:
819-823.

2.Mali, P., et al. 2013. RNA-guided human genome engineering via Cas9. Science 339: 823-826.

3.Ran, F.A,, et al. 2013. Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8:
2281-2308.

4.Van der Oost, J., et al. 2014. Unraveling the structural and mechanistic basis of CRISPR-Cas
systems. Nat. Rev. Microbiol. 7: 479-492.

5.Shalem, O., et al. 2014. Genome-scale CRISPR-Cas9 knockout screening in human cells.
Science 343: 84-87.

6.Hsu, P., et al. 2014. Development and applications of CRISPR-Cas9 for genome editing. Cell
157: 1262-1278.

CHROMOSOMAL LOCATION |
Genetic locus: GNE (human) mapping to 9p13.3.

PRODUCT |
GLCNE CRISPR/Cas9 KO Plasmid (h) is designed to disrupt gene expression by causing a
double-strand break (DSB) in a 5' constitutive exon within the GNE (human) gene.

GLCNE CRISPR/Cas9 KO Plasmid (h) consists of a pool of 3 plasmids, each encoding the Cas9
nuclease and a target-specific 20 nt guide RNA (gRNA) designed for maximum knockout
efficiency. Each vial contains 20 ug of lyophilized CRISPR/Cas9 Plasmid DNA. Suitable for up
to 20 transfections. Also see GLCNE HDR Plasmid (h): sc-406100-HDR for selection of cells
containing a DSB induced by GLCNE CRISPR/Cas9 KO Plasmid (h).

STORAGE anp RESUSPENSION |

Store lyophilized plasmid DNA at 4° C with desiccant. Stable for at least one year from the date
of shipment. Once resuspended, store at 4° C for short term storage or -20° C for long-term
storage. Avoid repeated freeze thaw cycles.
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Resuspend lyophilized plasmid DNA in 200 pl of the provided ultrapure, sterile, DNase-free
water. Resuspension of the plasmid DNA makes a 0.1 pg/pl solution in a 10 mM TRIS EDTA, 1
mM EDTA buffered solution.

APPLICATIONS |
GLCNE CRISPR/Cas9 KO Plasmid (h) is recommended for the disruption of gene expression in
human cells.
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SUPPORT REAGENTS |
For optimal reaction efficiency with CRISPR/Cas9 KO Plasmids, Santa Cruz

Biotechnology’s UltraCruz® Transfection Reagent: sc-395739 (0.2 ml) and Plasmid Transfection
Medium: sc-108062 (20 ml) are recommended. Control CRISPR/Cas9 Plasmid: sc-418922 (20
Lg) negative control is also available.

GENE EXPRESSION MONITORING \

GLCNE (H-10): sc-376057 is recommended as a control antibody for monitoring of GNE
(human) gene expression prior to and after knockout by Western blotting (starting dilution 1:200,
dilution range 1:100-1:1000) or immunofluorescence (starting dilution 1:50, dilution range 1:50-
1:500).

RESEARCH USE \
The CRISPR/Cas9 KO Plasmids are considered “Licensed Products” and are to be used in
accordance with the Limited License stated on www.scbt.com/limitedlicense.

The purchase of this product conveys to the buyer the nontransferable right to use the purchased
amount of the product and all replicates and derivatives for research purposes conducted by the
buyer in his laboratory only (whether the buyer is an academic or for-profit entity). The buyer
cannot sell or otherwise transfer (a) this product (b) its components or (c) materials made using
this product or its components to a third party, or otherwise use this product or its components or
materials made using this product or its components for Commercial Purposes.

Santa Cruz Biotechnology, Inc.1.800.457.3801 831.457.3800 fax 831.457.3801 Europe+00800 4573 8000 49622145030 www.scht.com
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SANTA CRUZ BIOTECHNOLOGY, INC.

GLCNE HDR Plasmid (h):
sc-406100-HDR i

BACKGROUND |

DNA containing double-strand breaks (DSB) created by the CRISPR/Cas9 system can be repaired
by either the non-homologous end-joining (NHEJ) or the homology-directed repair (HDR)
pathway (1,2,3). The NHEJ repair pathway introduces non-specific insertions or deletions at the
cleavage site, whereas the HDR pathway allows for precise gene editing at the DSB site (1,2,3).
Target-specific HDR Plasmids provide a DNA repair template for a DSB and, when co-
transfected with CRISPR/Cas9 KO Plasmids, enable the insertion of specific selection markers
where Cas9-induced DNA cleavage has occurred (1,2). The HDR plasmid can incorporate a Red
Fluorescent Protein (RFP) gene to visually confirm transfection and an antibiotic resistance gene
(puromycin) for selection of cells containing a successful CRISPR/Cas9 doublestrand break. The
puromycin resistance and RFP encoding genes are flanked by two LoxP sites that are recognized
by the Cre Vector, which can be used to later remove these selection markers from the genomic
DNA (4,5).

REFERENCES |
1.Mali, P., et al. 2013. RNA-guided human genome engineering via Cas9. Science 339: 823-826.

2.Ran, F.A,, et al. 2013. Genome engineering using the CRISPR-Cas9 system.Nat. Protoc. 8:
2281-2308.

3.Hsu, P., et al. 2014. Development and applications of CRISPR-Cas9 forgenome editing. Cell
157: 1262-1278.

4.Ma, Y. 2014. Generation of eGFP and Cre knockin rats by CRISPR/Cas9. FEBS J. 281: 3779-
3790.

5.Ma, Y., et al. 2014. Generating rats with conditional alleles usingCRISPR/Cas9. Cell Res. 24:
122-125.

CHROMOSOMAL LOCATION |
Genetic locus: GNE (human) mapping to 9p13.3.

PRODUCT |

GLCNE HDR Plasmid (h) consists of a pool of 2-3 plasmids, each containing a homology-
directed DNA repair (HDR) template corresponding to the cut sites generated by the GLCNE
CRISPR/Cas9 KO Plasmid (h): sc-406100. Each HDR template contains two 800 bp homology
arms designed to specifically bind to the genomic DNA surrounding the corresponding Cas9-
induced doublestrand DNA break site. Each vial contains 20 pg of lyophilized HDR Plasmid
DNA. Suitable for up to 20 transfections.

STORAGE AND RESUSPENSION |

Store lyophilized plasmid DNA at 4° C with desiccant. Stable for at least one year from the date
of shipment. Once resuspended, store at 4° C for short term storage or -20° C for long-term
storage. Avoid repeated freeze thaw cycles.

Resuspend lyophilized plasmid DNA in 200 pl of the provided ultrapure, sterile, DNase-free
water. Resuspension of the plasmid DNA makes a 0.1 pg/ul solution in a 10 mM TRIS EDTA, 1
mM EDTA buffered solution.

51




APPLICATIONS |

GLCNE HDR Plasmid (h) is recommended for co-transfection with GLCNE CRISPR/Cas9 KO
Plasmid (h): sc-406100 and designed for repair of the sitespecific Cas9-induced DNA cleavage
within the GNE (human) gene. During repair, the GLCNE HDR Plasmid (h) incorporates a
puromycin resistance gene to enable selection of stable knockout (KO) cells and an RFP gene to
visually confirm transfection.
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Puromycin resistance gene:

allows for selection of cells
where successful Cas9-induced
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SUPPORT REAGENTS |
For optimal reaction efficiency with HDR Plasmids, Santa Cruz Biotechnology’s

UltraCruz® Transfection Reagent: sc-395739 (0.2 ml), Plasmid Transfection Medium: sc-108062
(20 ml) and L-755,507: sc-204045 (10 mg) are recommended. Cre Vector: sc-418923 (20 ug in
20 pl) is also available for the optional removal of the puromycin resistance gene inserted during
homologydirected repair.

GENE EXPRESSION MONITORING |

GLCNE (H-10): sc-376057 is recommended as a control antibody for monitoring of GNE
(human) gene expression prior to and after knockout by Western blotting (starting dilution 1:200,
dilution range 1:100-1:1000) or immunofluorescence (starting dilution 1:50, dilution range 1:50-
1:500).

RESEARCH USE |

The purchase of this product conveys to the buyer the nontransferable right to use the purchased
amount of the product and all replicates and derivatives for research purposes conducted by the
buyer in his laboratory only (whether the buyer is an academic or for-profit entity). The buyer
cannot sell or otherwise transfer (a) this product (b) its components or (c) materials made using
this product or its components to a third party, or otherwise use this product or its components or
materials made using this product or its components for Commercial Purposes.

PROTOCOLS |
See our web site at www.scbt.com for detailed protocols and support products.

Santa Cruz Biotechnology, Inc.1.800.457.3801 831.457.3800 fax 831.457.3801 Europe+00800 4573 8000 49622145030 www.scht.com
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Appendix 2: Supplementary Figures

Sambucus nigra agglutinin (SNA)

__________ ' ¢ SialicAcid

""""" ‘, O Ga
I

, R Peanut agglutinin (PNA)
| [ ] GalNAc

Supplementary Figure 1 — Examples of glycans that are recognized by SNA and PNA lectins. Galactose (Gal); N-
acetylgalactosamine (GalNAc). Based on Cummings, RD. et al. (2009).1%
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