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Abstract

The cytosolic PNGase (peptide:N-glycanase; Pngl in yeast; NGLY 1/Ngly1 in hu-
man/mice), also known as peptide-N4-(N-acetyl-beta-glucosaminyl)-asparagine ami-
dase, is a well-conserved deglycosylation enzyme (EC 3.5.1.52) which catalyzes the
non-lysosomal hydrolysis of an N(4)-(acetyl-B-D-glucosaminyl) asparagine residue
into N-acetyl-B-D-glucosaminylamine and a peptide containing an aspartate residue.
This enzyme (NGLY 1) plays essential roles in clearance of misfolded or unassembled
glycoproteins through a process named ER-associated degradation (ERAD). Accumu-
lating evidence also points out that NGLY'1 deficiency can cause an autosomal reces-
sive human genetic disorder associated with abnormal development and congenital dis-
order of deglycosylation. In addition, the loss of NGLY1 can affect multiple cellular
pathways, including but not limited to NFE2L1 pathway, Crebl/Atf1-AQP pathway,
BMP pathway, AMPK pathway, and SLC12A2 ion transporter, which might be the un-
derlying reasons for a constellation of clinical phenotypes of NGLY1 deficiency. The
current comprehensive review indeed uncovers the detailed NGLY 1’s structure and its
important roles for participation in ERAD, involvement in CDDG and potential treat-

ment for NGLY'1 deficiency.
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Introduction

In living eukaryotes, secretory proteins are translocated into the endoplasmic re-
ticulum (ER) lumen via signal recognition particles (SRPs) and subjected to a quality
control process. During this process, proteins are modified and sorted in ER based on
their three-dimensional conformation. The correctly folded proteins are then transferred
to the Golgi apparatus for maturation and rerouted to other cellular compartments via
transport vesicles. The misfolded or unassembled proteins are subjected to degradation

through a process known as ER-associated degradation (ERAD) [1].

The cytosolic PNGase (peptide: N-glycanase; Pngl in yeast; NGLY 1/Ngly1 in hu-
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man/mice), also named as peptide-N4-(N-acetyl-beta-glucosaminyl)-asparagine ami-
dase, is a well-conserved deglycosylation enzyme (EC 3.5.1.52) which catalyzes the
non-lysosomal hydrolysis of an N(4)-(acetyl-B-D-glucosaminyl) asparagine residue
into N-acetyl-B-D-glucosaminylamine and a peptide containing an aspartate residue
[2]. NGLY1 plays essential roles in clearance of misfolded glycoproteins via releasing
intact N-glycans from N-glycosylated proteins. Accumulating evidences point out that
NGLY1 deficiency can cause an autosomal recessive human genetic disorder with ab-
normal development, indicating its critical functions for the normal development of
mammals [3; 4]. Current review mainly focuses on NGLY 1°s structure, participation in

ERAD, involvement in CDDG and potential treatment for NGLY 1 deficiency.

Briefings about the discovery of peptide: N-glycanase

The glycopeptidase partially purified from the seed emulsion of a fruit plant (al-
mond) was first reported in 1977 to show its enzymatic activity to cleave B-aspartyl-
glycosylamine linkages in glycopeptides [5]. Later, this glycopeptidase was discovered
in several other plants, including jack bean (Canavalia ensiformis) [6], split pea (Pisum
sativum) [7], Arabidopsis thaliana [8], lentil (Lens culinaris), pinto bean, lima bean,
barley and wheat [7]. This implied that the existence of this specific glycopeptidase
might be ubiquitous in plant kingdom. In 1978, some basic enzymatic characters of this
new glycopeptidase such as Km value, optimum pH, and inhibitors were revealed [9].
Since the enzyme could only hydrolyzed N-glycopeptides longer than 3 amino acids
[9], 1t was also called as peptide: N-glycosidase (PNGase). It’s reported in 1981 that
PNGase could highly efficiently cleave short ovalbumin and bromelain N-glycopep-
tides modified with high content of mannose and complex oligosaccharides [10]. Inter-
estingly, it’s discovered at the same year that the carbohydrate removal of pepsin-di-
gested glycoproteins by PNGase was almost three times higher than the intact untreated
proteins [11]. This implied that the complex oligosaccharides might hinder the accessi-
bility of PNGase to the cleavage site of the target glycoproteins under their native state.
Treating glycoproteins with heat in sodium dodecyl sulfate (SDS) or high concentra-
tions of chaotropic salts such as NaSCN and NaClO4 with disulfide bond reducing agent
B-mercaptoethanol (BME) to denature the native structures, more N-glycans were re-
leased from the denatured and unfolded proteins upon treatment with PNGase [12]. In
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1984, the enzymatic activity of PNGase was discovered in the Gram-negative bacterial
pathogen for meningitis and septicaemia, Flavobacterium meningosepticum [13]. This
was the first time for the discovery of PNGase in prokaryotes. More importantly, in
1989, free di-N-acetylchitobiose based oligosaccharides were detected in the extract of
eggs of trout (Plecoglossus altivelis) [14], dace (Tribolodon hakonensis) and flounder
(Paralichthys olivaceus) [15]. Since di-N-acetylchitobiose was mainly produced from
N-linked glycoproteins by PNGase, it’s quite reasonable to infer the presence of
PNGase in the animal kingdom. This led to the discovery of the Peptide: N-Glycosidase
in the embryos of Madaka fish (Oryzias latipes) in 1991 [16]. Two years later, PNGase
was discovered in mouse (L-929, BALB-3T3 and P3X63-Ag8.U1l) and human (TIG-
3S) cell lines [17]. In 1997 and 1998, PNGase was identified in two fungi, Aspergillus
tubigensis [18] and Saccharomyces cerevisiae [19], respectively. Up to now, the exist-
ence of PNGase has been found in the plant, prokaryotes, animal and fungi kingdoms
(Figure 1). This PNGase was named as Pngl in Arabidopsis thaliana, Pngl in yeast,
png-1 Caenorhabditis elegans, Pngl in fruit fly, Nglyl in mice and rat, and NGLY1 in
human. For readability, the gene is termed as NGLY 1/Ngly!1 in the whole article.

» Structural,
E— chemical - N - -
s Enzymalic ronerties  First time * Animal o First time s Bi-allelic o Nglyl-/—
activity of d[::lcfminca reported in PNGase was reported in mutations of double
PNCGrase o First limc- fungus purified first yeast. NGLYI for knockout rat
discovered reported in time. CDDG. generated.
bacterium

1977 1981 1984 1987 1990 1991 1994 1996 1998 2003 2012 2016 2020 2021
e Plant » Enzymatic  First time sParticipated s Cloned s Small o Nelyl-/—
PNGase activity reported in in ERAD mouse and molecules double
protein tested in animal. pathway. human for NGLY1 knockout
purified first Tspecies of NGLY]I, identificd. mouse
time. plants analog to generated.
yeast PNG1.

Figure 1. Brief history of the discovery of PNGase.

Based on experimental and bioinformatic analysis, Nglyl was universally ex-
pressed in almost all the living cells (Figure 2A). It has been verified that Ngly1 played
an essential role in the degradation of misfolded glycoproteins. Loss-of-functional
(LoF) mutations of Ngly1 might be detrimental to the deglycosylation process. In 2012,
bi-allelic compound mutations of NGLY'1 were identified by whole-exome sequencing
(WES) in a boy with congenital anomalies and/or intellectual disabilities [3]. This was

the first time to associate NGLY1 with a specific disorder. Since the disorder was
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caused by pathologic mutations in the specific enzyme responsible for deglycosylation,
therefore, the disease was named as congenital disorder of deglycosylation (CDDG) or
NGLY 1-congenital disorder of deglycosylation (NGLY1-CDDG; OMIM#615273).
With the discovery of mutations in NGLY 1 for CDDG [3; 4; 20; 21; 22], more and more
researches are concentrated on the molecular mechanisms of NGLY'1 in the process of

deglycosylation (Figure 1).

General structure of NGLY1

In human, NGLY1 gene (NM_018297) contains 12 exons spanning about 70 kb
on chromosome 3p24.2. The encoded protein is composed of 654 amino acids with
three functional domains, namely, a N-terminal PUB domain, a central transglutami-
nase-like domain and a C-terminal PAW domain predicted by AlphaFold (Figure 2A)
[23]. A short intrinsically disordered region was identified ranging from 113 to 164
between the PUB and transglutaminase-like domain by IUPred2A [24]. Disorder En-
hanced Phosphorylation Predictor (DEEP) revealed a phosphorylation hotspot in this
intrinsically-disordered region (Figure 2B), indicating its importance for the function

of NGLY1.
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Figure 2. Structural analysis of NGLY 1. A) Three-dimensional structure predicted by
AlphaFold; B) Intrinsically-disordered region of NGLY 1; C) Secondary structure of
NGLY1.

N-terminal PUB domain

The 91 aa-PUB (PNGase/UBA or UBX-containing protein) domain, located at the
N-terminal (aal9-109) of NGLY 1, was first identified through bioinformatics analysis
[25; 26]. According to the AlphaFold Protein Structure Database, this PUB domain
consists of a bundle of five a-helices that pack onto a short three stranded anti-parallel
B-sheets (Figure 2C) [27]. Based on evolutionary conservation analysis, PUB domain
was existed in almost all the members in animals, except for snakes and nematodes.
Considering the absence in certain species, it’s quite reasonable to infer that this domain
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may not be directly involved in the catalytic activity of NGLY 1, but rather played other
important roles. The ubiquitin-associated (UBA) domain was reported in many ubiqui-
tin-regulatory proteins (UBX) being involved in the ubiquitination pathway or contain-
ing regions homology to ubiquitin itself, such as CBL, CBLB, MARK3, RAD23A,
RAD23B, and UBA2 and UBXNI1 [28]. Since the most conserved residues in the UBA
domain were non-polar amino acids to stabilize the secondary a-helical structure, it’s
indicated that the UBA domain was unlikely to be directly involved in phosphorylation
or ubiquitination, but in mediating protein-protein interactions [25; 29; 30; 31]. The
PUB motif could bind to the adaptor protein p97 (also called VCP, Cdc48) which was
located on the endoplasmic reticulum (ER) membrane [29; 32], which provided
NGLY1 with a molecular platform for the de-glycosylating process toward the re-
trotranslocated misfolded or unassembled proteins [33]. It could also bind with other
proteins functioning in the ER-associated degradation (ERAD) pathway, such as
DERLI [34].

Central transglutaminase-like core domain

Since containing the transglutaminase-like core domain, NGLY 1 was categorized
as a member in the transglutaminase superfamily featuring the Cys, His, and Asp cata-
lytic triad, which was essential for the enzymatic function [2]. The core domain could
also be subdivided into transglutaminase-like region, zinc-binding motif, and
RAD23/HR23 binding motif [35; 36]. The transglutaminase sequence was responsible
for breaking the -aspartylglycosylamine linkage between the innermost N-acetylglu-
cosamine (GIcNAc) and the Asn residue (N-X-S/T) of the target N-glycoprotein. After
surveying the NGLY1 protein sequence, there are four CXXC motifs around or in the
transglutaminase-like region. Since the CXXC sequence could bind with Zn** to form
zine-finger motifs, Zn>" might be important for the enzymatic activity. It had been re-
ported that several divalent metal ions, such as Zn**, Mg?*, Co**, and Cu?" could greatly
increase the N-glycanase velocity [37]. However, in most filamentous fungal species
such as Neurospora crassa, Cys and His of the catalytic triad in NGLY 1 were mutated
leading to complete loss of enzymatic activity [38]. This indicated that the N-glycanase
enzymatic activity was not essential for some organisms. The RAD23/HR23 binding
motif rendered NGLY 1 with the ability to bind with Rad23 (RAD23A and RAD23B in
human), thus taking part in the ubiquitin-proteasome pathway [39; 40]. Rad23 could
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also tightly bind with xeroderma pigmentosum group C (XPC) and participated in the
nucleotide excision repair (NER) pathway [41; 42]. Therefore, the central transglutam-
inase core domain of NGLY1 could not only hydrolyze the (-aspartylglycosylamine
linkage, but also act as adaptor to bind with components in the proteasome or NER

pathway.
C-terminal PAW domain

Compared with the protein structures in different species, a PAW domain was lo-
cated at the C-terminus of NGLY 1. It was named for 'domain present in PNGases and
other worm proteins'. The PAW domain has a B-sandwich architecture composed of 2
layers containing antiparallel  strands, and short helices (Figure 2C). The PAW domain
was reported to bind with the high content mannose moieties of N-linked oligosaccha-
ride chains [43]. The interaction between PAW domain and the mannose could increase
the affinity of NGLY1 for N-glycans to promote the enzymatic activity. Combination
of transglutaminase core domain and PAW domain contributes to the oligosaccharide-

binding specificity of NGLY1 for the N-linked glycans with high mannoses.
Evolutionary relationships of NGLY1

The protein sequences of NGLY'1 from different species were recruited from the
NCBI’s GenBank and aligned by CLUSTALW. The evolutionary phylogeny was con-
structed using the Minimum Evolution method (Figure 3A) [44]. The structures of these
NGLY1 from different species were strongly conserved during evolution (Figure 3B).
This implied the importance of the protein N-glycosylation and de-N-glycosylation sys-
tem for life, from simple single cells to the most sophisticated mammals. It’s clearly
shown in animal kingdom that except for tiger snake (Notechis scutatus) and nematode
(Caenorhabditis elegans), other NGLY'1 contains three different domains, a PUB do-
main, a transglutaminase (TG) domain and a PAW domain. The Ngly1 protein of tiger
snake lacks the PUB domain, but has a BAR (Bin/Amphiphysin/Rvs) motif in the mid-
dle of TG and PAW domains. It has been reported that the BAR domain possesses the
ability to bind with cellular membranes [45; 46; 47; 48], this might substitute for the
function of PUB domain to provide a platform for the de-glycosylating process. The C.
elegans Ngly1 (png-1) contains a TRX (thioredoxin) domain, instead of the PUB motif.
The TRX domain confers Ngly1 with an extra thioredoxin ability [49] and makes Ngly1

a unique bi-functional protein possessing two enzyme activities [50]. It’s worth noting
8
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that instead of lacking the specific PUB domain, the Ngly1 in chimpanzee (Pan troglo-
dytes) and Pacific oyster (Crassostrea gigas) were predicted to have one more FRG2
(cI121160) and Nucleo P87 (pfam07267) domain, respectively. However, the functions

of these two domains were unknown. Experiments should be performed to reveal if

these types of Nglyl were tri-functional proteins.

In the fungi and plants kingdoms, the Ngly1 only contained the transglutaminase
(TG) domain, without the PUB and PAW domains [51]. However, the length of plant
Nglyl was almost two times longer than those of fungi. It implied that the plant Ngly1
might possess more complex functions than fungi. In the dicot plant, Arabidopsis tha-
liana, the Nglyl has a [-grasp ubiquitin-like fold (c128922) at the N-terminal. In the
monocot plant, rice (Oryza sativa Japonica) Nglyl has a (3-grasp ubiquitin-like fold
(c128922) at the N-terminal and a F5/8 type C domain (pfam00754) at the C-terminal.
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Figure 3. Evolutionary relationships of NGLY1 in 33 taxa. A) Evolutionary phylog-
eny; B) Protein structures of Nglyl.

Roles of NGLY1 in ERAD pathway

It had been reported that only the N-linked glycans on short peptides, pepsin-di-
gested, denatured or misfolded glycoproteins could be highly efficiently removed by
Nglyl [11; 12]. This implied that the complex N-linked oligosaccharides provide a ste-

ric hindrance effect to inhibit the accessibility of Ngly1 to the hydrolyzation site of the
9
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intact target proteins. In living cells, most proteins were glycosylated in the ER lumen
by a series of glycosylases to prevent the abnormal aggregation and promote the trans-
portation to their target cellular compartments [52; 53]. Even under normal physiolog-
ical conditions, some rapidly synthesized or mutated proteins could be improperly
folded (or called misfolded). The accumulation and aggregation of misfolded proteins
would induce cellular toxicity to the cell if left unchecked [54; 55]. It’s well known that
the toxic amyloid-like aggregates of B-amyloid (APP), tau (MAPT), a-synuclein
(SNCA or PARK1), and islet amyloid polypeptide (IAPP) were linked with neuro-
degeneration in Alzheimer’s disease (AD), frontotemporal dementia (FTD), Parkin-
son’s disease (PD) or Type 2 diabetes (T2D) [56]. Therefore, timely clearance of the
misfolded or misassembled proteins is essential for the physiological cellular homeo-
stasis and cell growth. Fortunately, a quality control system in the ER was evolved to
pick misfolded oligopeptides out of the properly folded proteins based on their tertiary
conformation [57]. The picked-out misfolded proteins were retrotranslocated into the
cytosol and then polyubiquitinated, de-glycated and targeted to the 26S proteasome for
degradation, this distinctive process was called ER-associated degradation pathway

(ERAD) (Figure 4-upper panel) [1; 58].

Misfolded glycoproteins were transferred from ER lumen to cytosol by a protein
complex consisted of SEL1L1 (sel-1), SYVNI (hrdl) and DERL1 (derlin-1). In cyto-
sol, the VCP-UFDILI1-NPLOC4 (p97-Ufd1-Npl4) AAA ATPase complex was inter-
acted with SEL1L1 and SYVN1. With the energy-providing multiprotein ATPase com-
plex (p97-Ufd1-Npl4), misfolded proteins dedicated for degradation were efficiently
retrograded into the cytosol from ER lumen [59; 60]. In cytosol, a VCP-binding multi-
protein complex Cullin-RING Ligase 1 (CRL1) was formed by a scaffolding cullin
protein CUL1, RBX1/Rocl, SKP1 and substrate-binding adaptor F-box proteins (such
as FBXO2/Fbs1 and FBXO6/Fbs2), therefore, the complex also named as SCF (SKP1-
cullin-F-box) [61; 62]. Upon retrograded into cytosol, the misfolded target proteins
with exposed Man3-9GIcNAc2 glycans were bound by the FBXO2 or FBXO6 and
polyubiquitinated by the ubiquitin ligase in the SCF complex [62; 63; 64; 65]. Subse-
quently, NGLY'1 was hold tightly onto VCP/p97 of the p97-Ufd1-Npl4 complex via its
N-terminal PUB domain [29]. Its PAW domain grip onto the mannose moieties of the

polyubiquitinated misfolded proteins and the transglutaminase-like (TG) domain
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cleaved the B-aspartylglycosylamine linkage between the innermost N-acetylglucosa-
mine (GIcNAc) and the Asn residue (N-X-S/T), releasing a free Man3-9GIcNAc2 and
a de-glycated protein with an Asp (D) instead of the Asn (N) residual. The processed
proteins with Ds were transferred to the 26S proteasome which was linked with NGLY'1
via the HR23 complex (RAD23A and RAD23B) for thorough degradation. The free
GlcNACc oligosaccharides were recycled [66] or thoroughly hydrolyzed by a series of
enzymes including ENGase (endo-B-N-acetylglucosaminidase) [55; 67].

However, when NGLY 1 was deleted or mutated with bi-allelic loss-of-functional
mutations leading to NGLY deficiency, the process of ER-associated degradation
(ERAD) was interrupted after ubiquitinated by SCF ligase complex. The Man3-9Glc-
NAc2 glycans in the misfolded proteins could not be released by NGLY 1, the glyco-
sidic bond between the two GlcNAcs was cut by ENGase which released a free Man3-
9GIcNAc and a protein with a N-GIcNAc. With accumulation of the N-GlcNAc mis-
folded proteins, they might be intertwined together to form insoluble aggregates in the
cytosol. The aggregates could inhibit the protein degradation function of the 26S pro-
teasome complex, thus rendered cellular toxic effect leading to apoptosis of the cells

(Figure 4-Lower panel).
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Figure 4. ER-associated degradation pathway (ERAD) involving NGLY 1. Upper
panel) ERAD under normal physiological state; Lower panel) ERAD with NGLY'1

deficiency.
Different functional pathways participated by NGLY1

It was widely accepted that NGLY 1 played an important role in the ER-associated
degradation pathway to remove misfolded glycosylated proteins which were retrotrans-
located from ER lumen to the cytosol [1; 4; 55]. Under condition of NGLY1 deficiency,
the misfolded glycoproteins would be accumulated to form insoluble aggregates [4]
which could inhibit the activity of 26S proteosome and lead to ER stress and cell death
[68]. It seemed quite likely that NGLY1 might be involved in a general mechanism to

deglycosylate misfolded glycoproteins through ERAD pathway. However, it had been
12
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reported that some proteins could be degraded regardless of the glycosylation status
[69; 70]. In cells with NGLY1 deficiency from Drosophila melanogaster [71] and rat
[72], mouse [73] and human [74], no evidences of ER stress were detected which was
often observed in cells with impaired ERAD function. This indicated that NGLY1

might played diversified roles in living cells, in addition to involving in ERAD.

SQSTM1

/ﬁ\ BMP pathway

RLC12A2
NFE2L2

lon transporter

Creb1/Atf1-
AQP1 pathway

Figure 5. Protein network involving NLGY1 by STRING.

AMPK pathway

NFE2L1 pathway: NFE2 like bZIP transcription factor 1 (NFE2LI, also called
NRF1) is a transcription factor belonging to the CNC-bZIP family [75]. NFE2L1 is
involved in regulation of many cellular functions, such as oxidative stress response,
differentiation, inflammatory response, and metabolism. NFE2L 1 was ubiquitously ex-
pressed and could be induced by cellular stresses such as oxidative stress, ER stress,
and inflammation. Under normal physiological state, the N-glycosylated non-active
NFE2L1 was retrotranslocated into cytosol for ERAD-dependent degradation by the
proteasome [76]. Under cellular stimuli for inhibition of the proteasome function, the
retrotranslocated NFE2L1 was escaped the ERAD and the N-glycans were removed by
non-ER bound NGLY'I to make the amino acid transition from Asn (N) to Asp (D). The
deglycosylated NFE2L1 was further cleaved at the Leul04 residue by DNA damage
inducible 1 homologs (DDI 1 or DDI 2) to release the ER-bound NFE2L 1 from the ER
membrane [77; 78]. The processed NFE2L1 (p110) was then entered into the nucleus
to activate expression of a subset of proteasome subunits to promote the proteasome

function to alleviate cellular stresses [75]. However, in NGLY 1 deficient cells, the N-
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linked glycans could not be released which inhibited the cleavage and activation of
NFE2L1. It had been identified that NFE2L1 was highly expressed in the brain, heart,
kidney, skeletal muscle, and fat [79]. Disruption of NFE2L1 pathway caused by
NGLY1 mutations might be related with the neurological, renal, skeletal and ophthal-
mological phenotypes of patients with NGLY 1 deficiency.

Creb1/Atf1-AQP pathway: It has been reported that regardless of the N-glycanase
enzymatic activity, NGLY1 deficiency could decrease transcriptionally the levels of
multiple aquaporins (AQPs) by 50%-60% in human and mouse cells indirectly through
transcription factors Atfl1/Crebl [73]. Since aquaporins function as water transmem-
brane transporter, their decrease could explain partly the reason of poor or absent tear

production, dry mouth, reduced saliva production [80] and constipation [81].

BMP pathway: In Drosophila, loss of Ngly1 could result in developmental midgut
defects, which were similar with the deficiency of BMP signaling [82]. Later, Ngly1
was found to colocalize with endoplasmic reticulum via VCP (p97) to promote the re-
trotranslocation and de-glycosylate the misfolded BMP4 for proteasome degradation,
which could increase the efficient traffic of properly-folded BMP4 to its target com-
partment through secretary pathway [83]. It had been reported that BMP4 was essential
for mesoderm development, limb formation, tooth development, bone induction, neph-
ric duct formation, renal system segmentation and aortic valve morphogenesis [84; 85;
86]. Mutations of BMP4 could result in eye and brain developmental anomalies [84;

87], which were overlapped with NGLY 1 deficiency.

AMPK pathway: In some NGLY1 deficiency patients, altered muscle and liver
mitochondrial amount, function and impaired physiology were identified, which could
be rescued by restoration of NGLY'1 expression, which confirmed the direct relation-
ship of NGLY1 to mitochondrial function [88]. Recently, it has been reported that
NGLY'1 deficiency could severely reduce the expression and phosphorylation of AMP-
activated protein kinase o (AMPKa) in Drosophila larval intestine, mouse embryonic
fibroblasts and patient-derived fibroblasts, leading to energy metabolism defects, im-
paired gut peristalsis, failure to empty the gut, and animal lethality [89]. The reduced
AMPKua expression observed in NGLY 1 deficiency cells was not caused by the loss of
NFE2L1 activity. Restoration of Nglyl or AMPKa expression could significantly alle-

viate the energy metabolism defects.
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SLC12A2: Based on lethality association and co-evolution analysis, a conserved
Na/K/Cl ion transporter Ncc69 (human NKCC1/2, officially SLC12A1/2) was identi-
fied ubiquitously expressed and associated genetically with Nglyl in Drosophila [90].
In Ncc69 or Nglyl knockdown (KD) Drosophila, more than 30% of them showed se-
vere seizures [91]. In mouse embryonic fibroblasts (MEFs), the homolog of Ncc69,
NKCCI1 was highly expressed and N-glycosylated, which was important for the func-
tion [92]. However, NGLY 1 deficiency could disturbed the N-glycosylation of NKCCl1
which was detrimental to the functionality of the protein. In mammals, NKCC1 was
expressed specifically in secretory epithelia, such as salivary, sweat, and lacrimal
glands, to promote the basolateral ion absorption and subsequent secretion [93]. The
decrease of NKCCI1 functionality might account for the alacrima and reduced produc-

tion of saliva and sweat observed in patients with NGLY 1 deficiency.

The variety of functions carried out by this enzyme may explain the diversity and

varying severity of symptoms caused by mutations in this gene.
Mutations for NGLY1-related congenital disorders

In 2012, the first patient harboring pathogenic mutations in NGLY 1 was identified
by whole exome sequencing (WES) [3]. The bi-allelic mutations of NGLY 1 could lead
to a rare autosomal recessive congenital disorder of deglycosylation (CDD,
OMIM#615273) which was characterized with global developmental delay, intellectual
disability, microcephaly, hypotonia, motor function deficits, and poor or absent tear
production [4; 20]. Other common features include seizures, optic atrophy, retinal pig-
mentary changes, cone dystrophy, delayed bone age, and joint hypermobility [94; 95].
It’s revealed that this disorder mainly affects young children [3; 4]. Till now, 60 patients
carrying bi-allelic NGLY 1 mutations have been reported in literatures (n=54) and DE-
CIPHER database (n=6) (Table 1). 43 different mutations were identified in these pa-
tients (Figure 6-A), with c.1201A>T (p.Arg401Ter) as the commonest (20%, 24/120)
(Figure 6-A, -B). It’s worth noting that nearly all missense mutations were located in
the central transglutaminase-like core domain, and stop gain or frameshift in the C-
terminal PAW domain (Figure 6-C). In these patients, stop gains accounted for 44.17%
(53/120), missense 25.00% (30/120), frameshift 19.17% (23/120), splice donor 6.67%
(8/120), splice acceptor 3.33% (4/120) and in-frame deletion 1.67 (2/120) (Figure 6-
C). Nearly all NGLY 1 mutations studied thus far are characterized by reduced NGLY 1
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protein levels and enzymatic activity [96].
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Figure 6. Characterization of mutations of NGLY 1. A) mRNA locations; B) Amino

acid locations; C) Different types of mutations.

For the missense mutations, missense3D was used to predict the structural changes
introduced by an amino acid substitution based on the AlphFold predicted NGLY'1 pro-
tein structure [27; 97]. Except for c¢.554A>G (p.Tyrl85Cys) and c.1067A>G
(p-Glu356Gly), other missense mutations possessed potential to cause structural dam-
age to NGLY 1, such as triggering clash alter (n=1, p.Cys283Trp), altering secondary
structure (n=1, p.Arg390Pro), introducing buried Proline (n=2, p.Leu318Pro and
p-Arg390Pro), breaking buried salt bridge (n=2, p.Arg328Cys and p.Arg328Gly), in-
troducing buried charge switch (n=2, p.Glu311Lys and p.Leu318Pro), replacing buried
charge residues (n=3, p.Arg328Cys, p.Arg328Gly and p.Arg390GlIn), switching buried
or exposed state (n=3, p.Cys283Trp, p.Cys355Arg and p.Arg390Pro), breaking buried
H-bonds (n=4, p.Arg328Cys, p.Arg328Gly, p.Tyr342Cys and p.Arg390Pro), and ex-
panding cavity volume (n=7, p.Trp236Cys, p.Trp244Arg, p.Leu318Pro, p.Arg328Clys,
p.Tyr342Cys, p.Asp386Tyr and p.Arg390Pro) (Table 2). For p.Tyr185Cys (c.554A>G),
it was identified homozygously in a 3-year-10-month old female (264084) recruited in
the DECIPHER database. The phenotypes of this sample include moderate intellectual
disability, delayed speech and language development, and echolalia, which was often

observed in patient with NGLY'1 deficiency [3; 20]. It’s predicted by MutationTaster
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that this variant could generate an intraexonic splice donor site (GTCT|gtga, score =
0.76) resulting in an in-frame loss of 105 base pairs in exon 4. For c.1067A>G
(p.Glu356Gly), it was classed PM2 (strong) + PP3 (supporting) + PP5 (supporting) and
annotated as “Likely pathogenic” according to ACMG classification. The patient also
carried a loss-of-function mutation in NGLY1 (c.1201A>T, p.Arg401Ter). Although
predicted neutral to the protein structure of NGLY 1, no NGLY 1 proteins were detected
in the muscle and skin fibroblasts of the patient by Western blot [22]. This indicated
that the variant p.Glu356Gly could result in protein instability or destruction and be
regarded as disease-causing mutation. Interestingly, nearly absent expressions of
NGLY1 mRNAs were detected in fibroblast lines obtained from four patients with bi-
allelic NGLY1 mutations [patient 1 (c.1205 1207delGAA, p.Arg402del and
c.1624C>T, p.Arg542Ter); patient 2 (homozygous for c.1201 A>T, p.Arg401Ter); pa-
tient 3 (c.931G>A, p.Glu311Lys and c.730T>C, p.Trp244Arg); patient 4 (c.622C>T,
p.GIn208Ter and ¢.930C>T, p.Gly310=)] [88]. Although two missense mutations in pa-
tient 3 were predicted to affect the proper function of NGLY 1, they actually impair the
stability of messenger RNAs. In patient 4, ¢.930C>T was a synonymous mutation
(p-Gly310=), but introduced a novel splice donor site. In the lymphoblastoid cell lines
from a patient with compound NGLY missense mutations (c.953T>C, p.Leu318Pro and
c.1169G>C, p.Arg390Pro), no proteins of NGLY 1 were detected (data not shown).
Therefore, it seemed quite likely that NGLY'1 deficiency was resulted not only from
nonsense-mediated mRNA decay (NMD) by nonsense or frameshift mutations [98], but
also from mRNA or protein instability by missense mutations. This will be verified by

in vitro and in vivo experiments soon.

Potential treatments for NGLY1-CDDG

With the rapid increase of research about NGLY 1's structure, function and cellular
pathways for cells and animal models in different species, several molecular methods

were tested for the potential to treat NGLY 1-deficient diseases.
Exogenous restoration of NGLY1 expression

Currently, double-knockout of NGLY1 have been used to study the enzymatic

ability and molecular functions of the gene in several model organisms, such as yeast,
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Drosophila, worms, mouse and rat. After comparing the spectrum of clinical pheno-
types and histological analysis, Nglyl™" rats displayed very similar features with hu-
man NGLY I-deficiency patients [72]. Although Ngly1 was ubiquitously expressed, and
highly transcribed in brain, lung, heart, kidney, liver, placenta and testis [99], the neu-
rological symptoms in most patients implied CNS be the most seriously affected organ

[95].

AAV9s carrying a copy of human NGLY1 gene (AAV9-hNGLY 1) were injected
to Ngly1-KO SD rats during the weaning period via intracerebroventricular (i.c.v.) ad-
ministration in order to reverse the deterioration of neuronal symptoms [100]. The re-
expression of NGLY 1 were identified in pons, thalamus, hippocampus, cerebral cortex
and cerebellar Purkinje cells, but not detected in liver. The enzymatic activity of
NGYLI1 in Nglyl-/- rats was restored to a comparable level with that of wildtype con-
trols. AAV9-hNGLY 1 was safe and not leading to liver toxicity. The motor dysfunction
caused by NGLY'1 deficiency such as gait abnormalities, motor coordination and bal-
ance, were also significantly restored. However, the stride length and grip strength of
limbs were not significantly ameliorated, this might be related to no expression of func-
tional NGLY'1 in muscles. This was the first time to restore the expression of NGLY 1
in NGLY 1-deficient mammalian model. However, there are many questions to be an-
swered: 1) if rat was suitable for study the underlying molecular mechanisms of
NGLY 1-CDDG to explore potential drug targets. 2) Since NGLY'1 was ubiquitously
expressed, whether CNS was the most suitable organ to restore the exogenous NGLY 1.
If the injection of AVV9-NGLY'1 in more than one organ could ameliorate the clinical
phenotypes to a higher degree. 3) Since primates were most closely related to human
in evolution, whether primates with NGLY 1 deficiency might be the most appropriate
animal model to study the pathogenesis of NGLY 1-CDDG and to develop curable
drugs.

Targeting ENGase with small inhibitors

It had been reported that endo-fB-N-acetylglucosaminidase (ENGASE) could
cleave the glycan moieties from N-linked glycoproteins at the beta-N-acetylglu-
cosaminide, releasing a free GIcNAc and proteins with a single GlcNAc residue linked
to the Asn residual (N-GIcNAc proteins) (Figure 4) [55]. The N-GlcNAc proteins are
prone to aggregate, resulting in the dysfunction of ERAD process. Addition deletion of
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ENGASE could partially rescue of the lethality and alleviate the phenotypes of the
Nglyl-loss mice [101]. Therefore, inhibition of ENGASE might be a potential thera-
peutic site for NGLY 1-deficient diseases. Currently, several novel ENGASE inhibitors
have been discovered, including Proton Pump Inhibitors (PPIs), Lansoprazole, Rabe-
prazole and Omeprazole [102]. PPIs could immediately be considered therapeutic drugs

for treating NGLY 1-deficiency because of its existing safety and pharmacokinetics pro-

file.
Inhibition FOXB6 (Fbs2)

FOXB6 (also known as Fbs2) is a component of the SCF (SKP1-cullin-F-box)
complex and functions as a substrate-binding adaptor [62]. In NGLY1 deficient cells,
FOXB6 was overexpressed and resulted in cytotoxic impairment of the proteasome ac-
tivity. The overexpressed FOXB6 not only induced ubiquitination of NFE2L1, but also
inhibited the processing by DDI2 and nuclear localization in cells without NGLY 1. In-
terestingly, addition knockout of Foxb6 could make Nglyl-deficient mice
(Foxb6'";Nglyl™") viable and exhibiting normal motor functions [103]. The survival
ratio at PO was 2 times higher than in Engase; Nglyl dKO mice [101]. These indicate
that FOXB6 might be a promising drug target to treatment NGLY 1-CDDG.

Activation of NFE2L.2

It had been commonly accepted that inactivation of NFE2F1 was an important
factor for the pathogenesis of NGLY 1-CDDG. Functional loss of NFE2F1 could result
in inhibition of proteasome function, mitochondrial dysfunction and immune dysregu-
lation in NGLY 1-deficient cells under proteotoxic stress [104]. In mammals, as a close
homologue of NFE2F1, NFE2L2 (NRF2) was responsible for the regulation the expres-
sion of similar proteasome subunit genes as NFE2L 1 did under oxidative stresses [105],
and also the expression of genes for autophagy and mitophagy [106; 107]. Not like the
ER-bound NFE2FL1, NFE2L2 was cytosolic and non-N-glycosylated without relying
on NGLY1 for its activation [108]. Increased expression of NFE2F2 could promote
mitophagy and rescue the mitochondrial and immune homeostasis in Ngly1™~ cells. It
had been verified that KEAP1 could strongly bind with and mediate the ubiquitination
and degradation of NFE2L2. Therefore, chemical inhibitors to disrupt the KEAPI-
NFE2L2 interaction might be a promising drug target. Interestingly, a natural inhibitor

for KEAP1 derived from cruciferous vegetables (such as broccoli, cauliflower, kale,
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kohlrabi, brussel sprouts and cabbage), Sulforaphane could efficiently binding with
KEAP1 and robustly increase NFE2L2 protein level to promote the expression of pro-
teasome subunit genes and mitophagy-related genes in NGLY 1-deficient cells [104].
The disrupted mitochondria and dysregulated immune response to mtDNAs were sig-
nificantly decreased after administration of Sulforaphane, which indicated that KEAP1-
NFE2L2 axis was a novel therapeutic site for correcting the abnormalities of NGLY 1

diseases.

Perspectives

Research associated with NGLY 1 physiology, structure, function and diseases at
molecular, cellular and model animal levels have been conducted for almost 50 years
since 1977. However, its alternative splicing patterns, cellular expression and localiza-
tion were not clear. Since ER stress was not directly caused by loss of NGLY'1 in many
models, it is desired to identify the direct targets of NGLY 1 and their contribution to
the pathogenesis of NGLY1 deficiency. For locations and types of the NGLY 1 mutation
for CDDG, almost all missense mutations were in the central transglutaminase domain,
which might affect the de-glycosylating enzyme activity of NGLY 1. However, a great
portion of the missense mutations could result in the loss of mRNA or protein detected
by quantification PCR or Western blot. The underlying mechanisms are still not re-
vealed. It had been reported that many cellular pathways could be disturbed by the loss
of NGLY1, such as NFE2L1 pathway, Crebl/Atf1-AQP pathway, BMP pathway,
AMPK pathway, SLC12A2 ion transporter and so on. These might be the underlying
reasons for a constellation of clinical phenotypes of NGLY1 deficiency. Since many
pathways function tissue specifically and at different development stages, these make

the treatment much more challenging.
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