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Mutations in the human peptide:N-glycanase gene (NGLY17), which
encodes a cytosolic de-N-glycosylating enzyme, cause a congenital
autosomal recessive disorder. In rodents, the loss of Ngly1 results
in severe developmental delay or lethality, but the underlying
mechanism remains unknown. In this study, we found that deletion
of Fbxo6 (also known as Fbs2), which encodes a ubiquitin ligase
subunit that recognizes glycoproteins, rescued the lethality-related
defects in Ngly7-KO mice. In NGLY1-KO cells, FBS2 overexpression
resulted in the substantial inhibition of proteasome activity, causing
cytotoxicity. Nuclear factor, erythroid 2-like 1 (NFE2L1, also known
as NRF1), an endoplasmic reticulum-associated transcriptional factor
involved in expression of proteasome subunits, was also abnormally
ubiquitinated by SCF™®52 in NGLY7-KO cells, resulting in its retention
in the cytosol. However, the cytotoxicity caused by FBS2 was
restored by the overexpression of “glycan-less” NRF1 mutants,
regardless of their transcriptional activity, or by the deletion of
NRF1 in NGLY1-KO cells. We conclude that the proteasome dysfunc-
tion caused by the accumulation of N-glycoproteins, primarily NRF1,
ubiquitinated by SCF™®52 accounts for the pathogenesis resulting
from NGLY1 deficiency.
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he ubiquitin—proteasome system (UPS) is the major pathway
for selective protein degradation in eukaryotes (1). The UPS
maintains proteostasis, thus avoiding the generation of cytotoxic
aggregates caused by accumulation of misfolded proteins (2, 3).
Reduction in proteasome activity causes neurodegenerative dis-
orders such as Parkinson’s disease and Alzheimer’s disease (4).
Hence, it is necessary to understand the mechanisms underlying
the decline in proteasome function during aging and disease.
Nuclear Factor, Erythroid 2-like 1 (NFE2L1, also known as NRF1)
is a transcription factor that regulates proteasome activity through a
so-called “bounce-back” mechanism (5, 6). NRF1 is an N-glycosylated,
single-pass type II membrane protein whose DNA-binding domain
usually faces the lumen of the endoplasmic reticulum (ER) (7). In
general, misfolded or unassembled proteins in the ER are retro-
translocated into the cytosol, followed by proteasomal degrada-
tion, a process referred to as ER-associated degradation (ERAD)
(8, 9). Remarkably, at steady state, NRF1, like its Caenorhabditis
elegans functional ortholog SKN-1A, is constitutively targeted to the
ERAD pathway, and the amount of the NRF1 is maintained at low
basal levels in the cell (5, 6). During retrotranslocation, NRF1 is
ubiquitinated by HRD1 and deglycosylated by a peptide:N-glycanase
(NGLY1) while it undergoes proteasomal degradation. Under
conditions in which proteasomal activity is compromised, however,
retrotranslocated NRF1 is stabilized and cleaved by an aspartyl
protease, DNA-damage inducible 1 homolog 2 (DDI2), thereby
generating activated NRF1. The activated NRF1 is translocated
into the nucleus, where it transcriptionally activates proteasome
subunits (10, 11). The deglycosylation activity of NGLY1 is essential
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for NRF1 activation (i.e., processing, nuclear translocation, and
transcriptional activity) (11-13).

NGLY1 is an evolutionarily conserved enzyme that is responsible
for removing Asn-linked oligosaccharides (N-glycans) from glyco-
proteins in the cytosol (14). Mutations in NGLY1 result in NGLY1
deficiency (OMIM # 615273: NGLY-1-CDDG), a rare autosomal
recessive congenital disorder with multiorgan symptoms (15, 16).
Symptoms include global developmental delay, movement disorders,
hypotonia, hypolacrimia/alacrimia, scoliosis, and peripheral
neuropathy (16, 17). Nearly all pathogenic NGLYI mutations
examined to date are associated with decreases in both NGLY1
protein levels and enzymatic activity (18). In mice, Nglyl knockout
(KO) in the C57BL/6 background is embryonically lethal, and
Nglyl-KO Sprague-Dawley rats exhibit severe developmental de-
lay and impaired motor functions, consistent with the symptoms
observed in human patients (19, 20). Although additional deletion
of the gene encoding endo-p-N-acetylglucosaminidase (Engase),
another deglycosylating enzyme in the cytosol, partially rescues the
embryonic lethality of Nglyl-KO mice (19), these animals still de-
velop progressive defects such as trembling or bent spine, indicating
that Engase deletion has a limited ability to suppress phenotypes
caused by Nglyl deletion. The molecular mechanism underlying
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the defects caused by the loss of NGLY1 activity remains un-
known, and no therapeutic treatment for NGLY1 deficiency is
currently available.

We previously reported that three F-box proteins that recog-
nize sugar chains (FBS; FBS1, FBS2, and FBS3, also known as
FBXO02, FBXO06, and FBXO27, respectively) are present in the
cytosol (21-23). F-box proteins are receptors for substrates of the
SCF (SKP1-CUL1-F-box protein—-RBX1) ubiquitin ligase complex
(24), and SCF*™®® complexes ubiquitinate N-glycoproteins. FBS1 and
FBS2 function in the ERAD pathway, recognizing the innermost
Man;GlcNACc; structure in high mannose-type glycans as a hallmark
of misfolded proteins (25-27). In addition, FBS3 binds to mem-
branes via N-myristoylation and ubiquitinates glycoproteins that
are exposed to the cytosol upon lysosomal damage, thereby in-
ducing lysophagy (23).

In this study, we found that Fbs2;Nglyl double-KO (dKO)
mice are born and exhibit no overt abnormalities, suggesting that
FBS2 activity is the primary cause of the lethality and progressive
defects in Nglyl-KO mice. We also observed that FBS2 over-
expression induces cell death in NGLYI-KO cells through a
mechanism involving proteasomal dysfunction. Our findings reveal
the molecular mechanisms underlying NGLY1 deficiency and
suggest that FBS2 inhibitors could serve as potential therapeutic
agents for patients with NGLY1 deficiency.

Results

Fbs2;Ngly1 dKO Mice Are Viable and Exhibit Normal Motor Function.
FBS2 and NGLY1 act on cytosolic glycoproteins in the ERAD
pathway; consequently, FBS2 cannot recognize ERAD substrates
if they are deglycosylated by NGLY1 (Fig. 14). To elucidate the
genetic interactions between FBS2 and NGLY1, we generated
Fbs2;Nglyl dKO mice. The KO construct for Fbs2 is shown in ST
Appendix, Fig. S1 A and B; the construct for Nglyl was reported
previously (19). Fhs2™'~ mice developed and bred normally (Fig. 1 B

and C), whereas Nglyl '~ mice with the C57BL/6 background were
embryonic/perinatal lethal (SI Appendix, Table S1) (19). Fbs2 ex-
pression is detected in various organs of adult mice (22) and was
relatively high in heart and liver at later stages of embryonic
development (S Appendix, Fig. SlC). We first generated double-
heterozygous mice (Fbs2~'*;Nglyl™'™), which were then crossed
to generate dKO (Fbs2~'~;Nglyl™'~) mice. Surprisingly, the
Fbs27/~;Ngly] ™'~ mice were viable, indicating that the deletion of
Fbs2 rescued the embryonic lethality caused by the defect in Ngly1l
(Fig. 1D and SI Appendix, Table S1). The survival ratio at PO was
much higher (1.9-fold) than in Engase;Nglyl dKO mice (19),
suggesting that Fbs2™'~ exerts a stronger effect in suppressing the
embryonic defect of Nglyl ™'~ mice. Consistent with this observa-
tion, Fbs2~'*;Nglyl ™'~ mice were also born, albeit at a reduced
ratio, whereas no viable Engase™*;Ngly] '~ mice were obtained
(19). This result clearly indicates that even a 50% reduction in the
Fbs2 dose can alleviate the lethality of Nglyl ™'~ mice.

Although Engase™;Nglyl ™'~ mice exhibited motor function
defects such as hindlimb clasping (SI Appendix, Fig. S1D),
Fbs27'~;Nglyl~~ mice exhibited no motor function defects
(Fig. 1 E-G), even at 22 mo after birth (Movies S1 and S2). Unlike
Nglyl ™'~ mice with a C57BL/6 background, Nglyl ™'~ rats survived
to adulthood (20). However, these animals still develop patho-
logical abnormalities in the central and peripheral nervous systems
(20), indicating that mammalian NGLY1 plays critical roles in the
nervous system after the embryonic stage. Notably in this regard,
no obvious pathological abnormality was detected in the brains of
dKO mice (SI Appendix, Fig. S1E). These findings indicate that
the lethality and progressive defects caused by the Nglyl deletion
in mice are due to Fbs2 activity.

SCF™®52 ybiquitinates NRF1 in the Cytosol in NGLY1-KO Cells. To ob-
tain further insight into the effect of FBS2 on the pathology of
NGLYI-KO cells, we generated NGLYI-KO HeLa cells using
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Fig. 1. Fbs2;Ngly1l dKO mice are viable and have normal motor function. (A) The role of FBS2 and NGLY1 in the ERAD pathway. SCF™®52 recognizes the
innermost positions of high mannose-type glycans of misfolded glycoproteins and ubiquitinates the glycoproteins. NGLY1 removes N-glycans from glyco-
proteins in which the N-glycosylated Asn (N) are converted to Asp (D) prior to degradation by the proteasome. (B and C) Body weights of Fbs2;Ngly1 dKO
male (B) and female (C) mice. Mice were weighed at weekly intervals after weaning. Values represent means + SD. The number of mice weighed is noted in
parentheses. Statistical significance among four groups was determined using one-way ANOVA. n.s., not significant. (D) Suppression of embryonic lethality of
Ngly1-KO mice by Fbs2 deletion. The ratios of observed to expected frequencies of progeny obtained by crossing of Fbs2~"*;Ngly1~"* mice are shown. Refer to
SI Appendix, Table S1 for actual count. (E) Fbs2;Ngly1 dKO mice, like wild-type mice, exhibited no sign of abnormal hindlimb clasping when suspended by the
tail. Left shows Fbs2 KO male (control, 25 wk); right shows Fbs2;Ngly1 dKO male (25 wk). Compare with the example of the mouse exhibiting typical hindlimb
clasping.in Sl Appendix, Fig. S1C. (F and G) Rotarod testing of motor coordination of male (F) and female (G) mice at 5 wk of age. The time until the mouse
dropped from the accelerating rod (4.5 to 45 rpm in 4 min) is shown. Values represent means + SD. The number of mice examined is shown in parentheses.
Statistical significance among four groups was determined using one-way ANOVA. n.s., not significant.
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Fig. 2. Ubiquitination of NRF1 by SCF™®52 suppresses its activation in response to a proteasome inhibitor in NGLY1-KO cells. (A) Schematic representation of
FBS2 and its mutants used in this study. Glycoprotein-binding and SCF complex formation abilities (S/ Appendix, Fig. S2A) are also summarized. FB: F-box
domain, SBD: sugar-binding domain. (B) Topology of NRF1-Ash and hAG-FBS2, used in the Fluoppi assay. (C) Fluoppi assay demonstrating an interaction
between FBS2 and NRF1 in NGLY7-KO Hela cells. (Upper) Wild-type (WT) or NGLY7-KO Hela cells were transiently transfected in combination with hAG-FBS2
or its mutants and NRF1-Ash. Foci of hAG-FBS2 or its mutants were observed by confocal microscopy. (Scale bars, 20 pm.) (Lower) Quantification of cells with
hAG-FBS2 foci. Percentages of cells with more than three foci are shown. Error bars show means + SD of three biological replicates. Over 120 cells were
counted in each of three replicate dishes. (D and E) Ubiquitination of NRF1 by SCF™®52 in NGLY7-KO cells (D: HelLa cells; E: HCT116 cells). Cells stably expressing
FLAG-FBS2, FLAG-FBS2 YW/AA mutant (equivalent to the no-expression control shown in S/ Appendix, Fig. S2C), or NGLY 1-HA were treated with or without
20 nM bortezomib (Btz) for 5 h before harvesting. Cell lysates (15 pg each) were analyzed by immunoblotting. Fl, unprocessed full-length NRF1; P, processed
NRF1; AP, abnormally processed NRF1; and vertical lines (Ub), ubiquitinated NRF1. (F) Nuclear translocation of NRF1-HA in response to bortezomib (Btz)
treatment in WT and NGLY1-KO cells overexpressing FLAG-FBS2 or mutants. Quantification of cells with nuclear translocation of NRF1 is based on the image
in SI Appendix, Fig. S2D, with three biological replicates. Positive nuclear translocation of NRF1 was confirmed by detection of prominent unstained nucleoli in
nuclei immunostained with anti-HA antibody. Over 110 cells were counted in each of three replicate dishes. (G) Subcellular distribution of endogenous
NRF1 in WT and NGLY1-KO cells overexpressing FLAG-FBS2 or its lectin mutant (YW). Fl, unprocessed full-length NRF1; P, processed NRF1; AP, abnormally
processed NRF1; vertical line (Ub), ubiquitinated NRF1; cyto, cytosol fraction; mem, membrane fraction; nuc, nuclear soluble fraction; and chr, chromatin-
bound fraction. LDH, lactate dehydrogenase (cytosol marker); CNX, calnexin (ER marker); SP1, soluble nuclear protein marker; and Histone H3 (chromatin
fraction marker). Statistical significance was determined using one-way ANOVA with Tukey’s posttest (E and F). ****P < 0.0001, **P < 0.002, n.s., not
significant.

CRISPR/Cas-9 technology. We first investigated whether FBS2  protein—protein interactions in mammalian cells as fluorescent
could interact with glycoprotein ERAD substrates more efficiently ~ foci; in this method, the interacting proteins of interest are fused
in the absence of NGLY1. NRF1, an ER-associated transcription  with either tetrameric fluorescent protein (humanized Azami Green;
factor, is a well-characterized endogenous substrate of NGLY1  hAG) or an oligomeric assembly helper tag (Ash-tag). We constructed
and is constitutively degraded through the ERAD pathway (11, 13).  expression plasmids encoding C-terminally Ash-tagged NRF1 and
Therefore, we examined the interaction between FBS2 and NRF1  hAG-tagged FBS2 derivatives. FBS2 YW/AA is a lectin activity
by Fluoppi assays (28). Fluoppi is a technique for visualizing  mutant with a defect that prevents it from recognizing glycoproteins,
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Fig. 3. FBS2 overexpression induces proteasomal dysfunction in NGLY1-KO cells. (A) Accumulation of ubiquitinated proteins in NGLY7-KO Hela (#1, exon 6

mutant; #2, exon 11 mutant) and HCT116 (FBS2;NGLY1-dKO) cells by FBS2 overexpression. Cells were treated with or without 20 nM bortezomib (Btz) for 5 h
prior to harvest. The relative levels of ubiquitinated proteins in cell lysates in S/ Appendix, Fig. S3 A and B were quantified. The intensity of the lane with wild-
type (WT) cells overexpressing the YW/AA mutant was defined as 1. Error bars show means + SD of four biological replicates. (B) Low-magnification fluo-
rescence micrographs of WT and NGLY7-KO Hela cells coexpressing UbG76V-GFP and FLAG-FBS2 (WT or YW/AA mutant) treated with or without 50 pM
MG132. (Scale bars, 100 pm.) (C) Detection of UbG76V-GFP accumulation by immunoblotting. Accumulation of UbG76V-GFP in FBS2-overexpressing NGLY1-
KO cells. (Left) Cell lysates in (B) were analyzed with anti-GFP antibody. (Right) Relative levels of UbG76V-GFP in FBS2-overexpressing WT and NGLY1-KO cells
were quantified; the intensity of the band of FBS2-overexpressing NGLY7-KO #1 cells without MG 132 treatment was defined as 1. Error bars show means + SD
of three biological replicates. (D) Colony formation assays in WT and NGLY7-KO Hela cells. (Left) Colony formation assay in WT and NGLY7-KO Hela cells
(#1, exon 6 mutant; #2, exon 11 mutant) overexpressing the indicated proteins. Recombinant retrovirus for the expression of the indicated proteins, produced
by pMXs-puro, was used to infect WT and NGLY7-KO Hela cells. After infection for 36 h, 500 cells were plated onto 6-well dishes in the presence of 1 ung/mL
puromycin. After culture for 11 to 14 d, the colonies were stained with crystal violet and counted. (Right) Colony formation rates were calculated relative to
the number of colonies formed by GFP-overexpressing cells. Cells were counted in each of four replicates. Statistical significance was determined by one-way
ANOVA with Dunnett’s posttest (A) or one-way ANOVA with Tukey’s posttest (C and D). ****P < 0.0001; ***P < 0.0002; **P < 0.002; n.s., not significant.

whereas the LP/AA mutant fails to form the SCF ubiquitin ligase
complex (Fig. 24 and SI Appendix, Fig. S24). Topologically, the
C-terminal Ash-tag on NRF1 is in the ER lumen and is therefore
separated from cytosolic FBS2 by the ER membrane (Fig. 2B).
Accordingly, only a few wild-type HeLa cells expressing hAG-FBS2
and NRF1-Ash formed Fluoppi-driven foci (Fig. 2C). However, in
NGLYI-KO Hela cells, hAG-FBS2 with glycoprotein-binding ac-
tivity effectively formed foci with NRF1-Ash, indicating that FBS2
recognizes NRF1 through N-glycans in the cytosol.

When the proteasome is inhibited, retrotranslocated NRF1 pro-
cessed by DDI2 is translocated into the nucleus where it induces the
transcription of proteasome subunits (5, 6, 10, 11). Hence, we next
examined the effect of FBS2 on the processing and ubiquitination
of NRF1 in the presence of a proteasome inhibitor. In wild-type
HeLa and HCT116 cells, processed NRF1 was detected in the
presence of the proteasome inhibitor Btz, as previously reported
(6), and FBS2 overexpression had little effect on its processing and
ubiquitination (Fig. 2 D and E). Importantly, we failed to generate
NGLYI-KO HCT116 cells; this result is consistent with the results
of genome-scale CRISPR guide RNA (gRNA) library screens
showing that NGLY1 is a fitness-related gene in HCT116 cells
(29). Although endogenous FBS2 expression was not detected in
HelL a cells (30), it was detected in HCT116 cells (S Appendix, Fig.
S2B), and we were able to successfully establish NGLY1;FBS2
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dKO in this cell line by first deleting FBS2, suggesting that the
FBS2 expression is harmful in NGLYI-KO HCT116 cells. Al-
though the processing of NRF1 in the presence of Btz was ob-
served in both NGLYI-KO HeLa and HCT116 cells, with or
without overexpression of the FBS2 YW/AA mutant, the pro-
cessing pattern for NRF1 was slightly different (Fig. 2 D and E,
compare lanes 4 and 10 NRF1 panels; SI Appendix, Fig. S2C; see
the extent of FBS2 and NGLY1 overexpression in SI Appendix,
Fig. S2D). The overexpression of NGLY1 in NGLYI-KO cells
restored the normal processing of NRF1, similar to that observed
in Btz-treated wild-type cells (Fig. 2 D and E, lane 12), con-
firming that the abnormal processing of NRF1 was due to a lack
of NGLY 1. Notably, in NGLY1-KO cells, FBS2 not only induced
NRF1 ubiquitination but also inhibited processing of NRF1,
even in the presence of Btz (Fig. 2 D and E, lane 8), suggesting
that NRF1 activation by DDI2 and translocation to the nucleus
is suppressed by FBS2.

Ubiquitination of NRF1 by SCF*®2 Inhibits Its Nuclear Transport in
NGLY1-KO Cells. We next analyzed the subcellular localization of
NRF1 by immunofluorescence microscopy using wild-type and
NGLYI-KO HelLa cells stably expressing NRF1-HA (Fig. 2F and
SI Appendix, Fig. S2E). The level of NRF1 was low in wild-type
cells at a steady state, but NRF1 accumulated in the nucleus in
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FBS2 and NRF1 9N/D (Right) were treated with Btz for 16 h. mRNA levels of the proteasome genes PSMA1, PSMB1, and PSMC4 in WT and NGLY7-KO Hela cells
were then quantified by gPCR. mRNA levels of target genes were normalized against the corresponding levels of GAPDH mRNA. Error bars show means + SD
of three biological replicates (S/ Appendix, Fig. S5B). The ratio of relative mRNA expression of cells between Btz-treated and untreated are shown. (B and C)
Colony formation assays in WT and NGLY7-KO Hela cells overexpressing the indicated proteins. Colony formation rates were calculated relative to the
number of colonies in GFP-overexpressing cells. Cells were counted in each of four replicates. (D) Chymotryptic peptidase activity of the proteasome in lysates
of WT and NGLY17-KO Hela cells or cells overexpressing FBS2 with or without NRF1 or NRF1 mutants. Error bars show means + SD of three biological replicates.
Statistical significance was determined by one-way ANOVA with Dunnett’s posttest (A and B) or one-way ANOVA with Tukey’s posttest (C and D). ****P < 0.0001;

***P < 0.0002; **P < 0.002; *P < 0.03, n.s., not significant.

the presence of a proteasome inhibitor, as previously reported
(13). In NGLY1-KO cells overexpressing inactive FBS2 mutants
(YW/AA or LP/AA) treated with Btz, the NRF1 that escaped
from proteasomal degradation was detected in both the nucleus
and the cytoplasm (cytosol and membrane fraction) (SI Appen-
dix, Fig. S2F). On the other hand, FBS2 overexpression induced
K48-linked ubiquitination of NRF1 and strongly inhibited the
nuclear localization of NRF1 in NGLYI-KO cells (Fig. 2F and SI
Appendix, Fig. S2F), suggesting that NRF1 ubiquitination by
SCF"®52 inhibits its nuclear translocation.

We next examined the subcellular distribution of endogenous
NRF1 (Fig. 2G). In wild-type cells without Btz treatment, full-
length NRF1 was detected only in the membrane fraction, which
contains the ER membrane (Fig. 2G, lanes 5 and 7). In the
presence of Btz, processed NRF1 predominantly accumulated in
the nuclear fraction but was detected in both the cytoplasm and
the chromatin-bound fraction (Fig. 2G lanes 2, 4, 6, 8, 10, 12, 14,
and 16). In NGLY1-KO cells overexpressing the YW/AA mutant
treated with Btz, the abnormally processed NRF1 accumulated
in the nuclear fraction (Fig. 2G, lane 28). The level of processed
NRF1 in the nuclear fraction in the wild-type and NGLYI-KO
cells was essentially the same (SI Appendix, Fig. S2G, lanes 12
and 16), suggesting that NGLY1 activity has no significant effect
on the nuclear transport of NRF1. Importantly, FBS2 overexpression
induced the accumulation of ubiquitinated NRF1 in the cytoplasm
regardless of whether cells were treated with a proteasome inhibitor
(Fig. 2G, lanes 17, 18, 21, and 22); however, processed NRF1 was
present only at very low levels in the nucleus (Fig. 2G, lanes 25 and
26). Because most of the slow-migrating NRF1 appeared to be
membrane-associated in FBS2-overexpressing NGLYI-KO cells, it
is unlikely that NRF1 is processed by DDI2. These results indicate
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that the ubiquitination by FBS2 critically impairs the processing and
nuclear translocation of NRF1.

FBS2 Overexpression Impairs Proteasome Activity and Causes Cytotoxicity
in NGLYT-KO Cells. We noticed that in addition to ubiquitinated
NRF1, overexpression of FBS2 increased the levels of ubiquitinated
proteins in cell lysates from both NGLYI-KO HeLa and HCT116
cells, even without Btz treatment (Figs. 2 D and E, lanes 7 and 8 and
34; SI Appendix, Fig. S3 A and B). This result led us to hypothesize
that FBS2 may impair proteasome function in NGLYI-KO cells,
thereby inducing cytotoxicity. To validate this hypothesis, we ex-
amined the proteasome activity in NGLY7-KO HeLa and HCT116
cells using UbG76V-GFP, a proteasome reporter that undergoes
rapid proteasome-mediated degradation (31). In wild-type cells,
green fluorescence was observed only in the presence of the pro-
teasome inhibitor MG132 (Fig. 3B and SI Appendix, Fig. S3C).
Remarkably, however, FBS2 overexpression induced a strong GFP
signal in NGLYI-KO cells even in the absence of MG132. The
accumulation of UbG76V-GFP by FBS2 in NGLYI-KO cells was
confirmed by immunoblotting (Fig. 3C and SI Appendix, Fig. S3D).
A subset of well-known, short-lived, nonglycosylated protein sub-
strates of the proteasome, c-Jun, p53, and p27, also accumulated in
NGLYI-KO cells upon FBS2 overexpression (SI Appendix, Fig.
S3 E and F). Collectively, these results indicate that the accumu-
lation of glycoproteins ubiquitinated by SCF 252 results in inhibition
of proteasome activity specifically in NGLYI-KO cells.

It is well known that the disruption of proteasome activity
induces an apoptotic cascade that leads to growth arrest and
eventually to cell death (32, 33). To examine the effect of FBS2
on cell viability in NGLYI-KO cells, we performed colony for-
mation assays (34). For these experiments, we infected wild-type
and NGLYI-KO HelLa cells with a retrovirus generated using a
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Fig. 5. NRF1 is primarily responsible for the induction of cytotoxicity in NGLY7-KO cells. (A) Colony formation assays in NGLYT;NRF1-dKO and NGLY7-
KO;NRF1-low Hela cells overexpressing the indicated proteins. Colony formation rates were calculated relative to the number of colonies in GFP-
overexpressing cells. Cells were counted in each of four replicates. (B) Accumulation of ubiquitinated glycoproteins in wild-type (WT), NGLY7-KO, and
NGLY1;NRF1-dKO Hela cells overexpressing FBS2. (Left) Ubiquitination of glycoproteins concentrated with concanavalin A (ConA)-conjugated agarose were
analyzed by immunoblotting with anti-ubiquitin (Ub) antibody. (Right) Ubiquitinated glycoprotein levels (average intensities between 100 and 250 kDa) were
normalized against the level of glycoprotein ubiquitination in FBS2 YW/AA-overexpressing WT cells. Error bars show means + SD from four biological
replicates. (C and D) Ubiquitination of NRF1 in Ngly1-KO (C) or Fbs2;Ngly1 dKO (D) day 15 embryos. ConA-bound glycoproteins from whole-cell lysates (WCL)
were subjected to immunoblotting with anti-NRF1 antibody. Vertical line: ubiquitinated NRF1. Statistical significance was determined by one-way ANOVA
with Dunnett’s posttest (A) or one-way ANOVA with Tukey’s posttest (B). ****P < 0.0001; ***P < 0.0002; **P < 0.002; *P < 0.03, n.s., not significant.

pMXs-puro vector encoding wild-type or mutant FBS2. Equal
numbers of infected cells were seeded and cultured in the pres-
ence of puromycin. In wild-type cells, wild-type or mutant FBS2
had little effect on colony formation (Fig. 3D). On the other hand,
in NGLY1-KO cells, colony-forming efficiency was unaffected by
both the YW/AA and LP/AA mutants, whereas FBS2-overexpressing
cells formed no colonies. These results clearly indicate that
prolonged proteasome inhibition caused by the accumulation of
glycoproteins ubiquitinated by SCET™®S? Jeads to cell death in
NGLYI-KO cells.

Btz, regardless of FBS2 overexpression (SI Appendix, Fig. S4 A and
B, lanes 8, 9, 14, and 15; SI Appendix, Fig. S4D), implying that 9N/D
but not 8N/D represents the “sequence-edited” form of human
NRF1 by NGLY1.

We then investigated whether the sequence-edited NRF1 9N/D
enhanced the “bounce-back” response after proteasome inhibition.
In wild-type cells, Btz treatment increased the levels of messenger
RNAs (mRNAs) encoding the proteasome subunits PSMAL,
PSMBI1, and PSMC4 (Fig. 44, Left). As previously reported, this
response was weaker in NGLY1-KO cells (13), but exogenous 9N/D
increased the expression of proteasome subunits following
Btz treatment (SI Appendix, Fig. SSA). The response in FBS2-
overexpressing NGLYI-KO cells was restored to the wild-type
level by 9N/D coexpression (Fig. 44, Right and SI Appendix, Fig.
S5B). We then investigated whether IN/D could rescue FBS2-
induced cell death in NGLYI1-KO cells. The results clearly indicated
that coexpression of 9N/D but not wild-type NRF1 restored colony
formation (Fig. 4B and SI Appendix, Fig. S5C), suggesting that
proteasomes that were newly synthesized in response to NRF1 9N/D

"“Glycan-Less” NRF1 Mutants Restore Cell Growth of FBS2-Overexpressing
NGLY1-KO Cells. NGLY1 not only removes N-glycans from glyco-
proteins but also converts the glycosylated asparagine (N) into
aspartic acid (D); this amino acid “editing” of SKN-1A, the func-
tional homolog of NRF1 in C. elegans, is critical for the activation of
this transcription factor (12). Hence, we constructed a “sequence-
edited” NRF1 8N/D mutant in which all eight of the putative
N-glycosylation sites in the Asn/Ser/Thr-rich (NST) region were

replaced with Asp (35) (ST Appendix, Fig. S44). The NRF1 8N/D
mutant itself was normally processed by DDI2 and migrated to
nuclei in NGLYI-KO cells treated with Btz. Unexpectedly, however,
FBS2, which was previously thought to act only on N-glycoproteins,
partially suppressed its processing and nuclear transport (SI Ap-
pendix, Fig. S4B, lanes 6, 7, 12, and 13; SI Appendix, Fig. S4C). We
identified another putative N-glycosylation site (N574) outside the
NST region and mutated it; the NRF1 9N/D mutant was processed
normally and redistributed in NGLYZ-KO cells after treatment with

60f9 | PNAS

could rescue lethality by FBS2 in NGLY1-KO cells.

We next investigated whether N-to-D conversion of NRF1 is
required for alleviation of the cytotoxicity of FBS2 in NGLY1-KO
cells. To this end, we constructed additional “glycan-less” NRF1
mutants, 9N/A and 9N/Q, in which all of the N-glycosylation sites
were replaced with alanine and glutamine, respectively. Surprisingly,
coexpression of these inactive NRF1 mutants, as well as the edited
9N/D mutant, restored colony formation in FBS2-overexpressing
NGLYI1-KO cells (Fig. 4C and SI Appendix, Fig. S5D). Unlike 9N/D,
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Fig. 6. Schematic model of the molecular mechanism of induction of cell death by FBS2 in NGLY7-KO cells. (Left) In wild-type (WT) cells expressing NGLY1
with or without FBS2, glycoprotein ERAD substrates are ubiquitinated by multiple ERAD-E3s, such as HRD1, Doa10, or SCF™®2, upon retrotranslocation to the
cytosol. Most ubiquitinated glycoproteins are deglycosylated by NGLY 1 prior to proteasomal degradation. (Middle) In NGLY1-KO cells expressing FBS2 (NGLY 1
deficiency), glycoproteins that accumulate are ubiquitinated by SCF™®2. Glycoproteins are constitutively ubiquitinated by SCF™2, which overloads the
proteasome, thereby impairing it. The cells then sense proteasome stress, and transcriptional activation of proteasome subunits is induced by active NRF1.
FBS2 expression causes inactivation of NRF1, which in turn suppresses NRF1-triggered expression of proteasome subunits. As with the ubiquitinated glyco-
protein substrates, accumulation of NRF1 itself ubiquitinated by SCF™®52 causes proteasome and ultimately induces cell death. (Right) In cells lacking both
NGLY1 and FBS2, most ERAD substrates are degraded normally, and abnormally processed NRF1 moves to the nucleus without accumulating in the cytosol.

9N/A and 9N/Q failed to promote the expression of proteasome  proliferation of HeLa cells, especially in the presence of NGLY1.
subunits in NGLY1-KO cells in the presence of Btz (SI Appendix, ~ Surprisingly, colony formation by both NGLY1-KO;NRFI-low and
Fig. S5E). Furthermore, 9N/D overexpression significantly in- NGLYI;NRFI-dKO cells was obvious even when they overex-
creased the chymotryptic peptidase activity of the proteasomes  pressed FBS2 (Fig. 54 and SI Appendix, Fig. S6A4). By contrast,
both in wild-type and NGLYI1-KO cells coexpressing FBS2, but ~ FBS2 was detrimental to both types of cells when NRF1 was re-
neither 9N/A nor 9N/Q affected peptidase activity in NGLYI-KO  stored, indicating that the accumulation of ubiquitinated NRF1 by
cells (Fig. 4D). These results suggest that the recovery from the ~ SCF™™5? is primarily responsible for the cytotoxicity in NGLYI-
detrimental effects of FBS2 on NGLYI1-KO cells does not nec- KO cells. Although the recovery of proliferation by coexpression
essarily depend on the expression of newly synthesized protea-  of glycan-less NRF1 in FBS2-overexpressing NGLY1-KO cells was
somes induced bz 9N/D. Rather, ubiquitination of N-glycosylated  complete (Fig. 4C), the recovery effect by the deletion of NRF1
NRF1 by SCF™? underlies the cytotoxicity in NGLYI-KO cells.  was partial. These results suggest that glycan-less NRF1, even
9N/A or 9N/Q mutants, may activate NRF1 targets other than pro-
The SCF®%-Mediated Ubiquitination of NRF1 Is Primarily Responsible  teasome subunits, such as genes related to mitophagy or oxidative
for the Induction of Cytotoxicity in NGLY1-KO Cells. Because NRF1  stress response (36), to promote survival of FBS2-overexpressing
is constitutively targeted to the ERAD pathway at steady state, ~NGLYI-KO cells.
NRF1 itself may burden proteasomes with an increased load as a We next compared the ubiquitination level of concanavalin
substrate when it is highly ubiquitinated by SCF*®%, Hence, we ~ A—enriched glycoproteins among wild-type, NGLYI-KO, and
investigated whether the deletion of NRF1 could ameliorate the ~NGLYI;NRFI-dKO cells (Fig. 5B). In FBS2 YW/AA mutant-
cytotoxic effect of FBS2 in NGLYI-KO cells. To this end, we  overexpressing control cells, ubiquitinated glycoproteins were
established NGLY1;NRFI-dKO HelLa cells. The proliferation of ~ barely detectable in the absence of Btz. On the other hand, the
NGLYI;NRFI-dKO was more efficient than NRFI-KO cells, level of ubiquitinated glycoproteins was significantly higher in
although the colony formation of dKO cells was also dependent ~NGLYI-KO cells when FBS2 was overexpressed, regardless of
on the exogenous NRF1 (SI Appendix, Fig. S64). On the other  the presence of Btz (Fig. 5B Left, lanes 5 and 9). However, ac-
hand, the growth of NGLYI-KO;NRFI-low (generated during cumulated ubiquitinated glycoproteins were barely detectable in
the process of establishing NGLY1;NRF1-dKO cells; SI Appen-  the absence of Btz in FBS2-overexpressing NGLY1;NRFI1-dKO
dix, Materials and Methods for details), in which a low level of  cells, as well as in wild-type cells (Fig. 5B Left, lanes 1 and 13),
NRF1 expression was observed, was normal and not dependent  implying that NRF1 is the major substrate of SCF™®5? in
on the exogenous NRF1 (Fig. SA and SI Appendix, Fig. S6 A and NGLY1-KO HelLa cells, presumably due to congestion of the
B), suggesting that NRF1 expression is critical for efficient =ERAD pathway.
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Finally, we investigated whether ubiquitinated NRF1 could be
detected in NglyZ-KO mice embryos as well as NGLY1-KO cells.
In the C57BL/6 background, Nglyl-deficient mice are embryon-
ically lethal between E16.5 and birth (19). As shown in Fig. 5C
and SI Appendix, Fig. S6C, the level of ubiquitinated NRF1 was
specifically elevated in the torsos of Nglyl/-KO day 14 or day 15
embryos. Notably, relative to Nglyl-KO embryos, ubiquitination
of NRF1 was nearly completely eliminated in Fbs2~~;Nglyl =/~
mouse embryos (Fig. 5D), indicating that NRF1 ubiquitinated by
SCF™2 accumulated in Nglyl-KO embryos. These results sug-
gest that the accumulation of glycosylated NRF1 ubiquitinated
by SCF™? is critical for cytotoxicity in Nglyl-KO embryos.

Discussion

The findings presented herein show that the deletion of Fbs2
suppressed the embryonic lethality of Nglyl-KO mice. Fbs2;Nglyl
dKO mice exhibited no overt defects, even in old age, indicating
that Fbs2 also induces the formation of postnatal detrimental
phenotypes in Nglyl-KO mice (Fig. 1). Moreover, FBS2 over-
expression resulted in growth arrest and cell death specifically in
NGLYI-KO cells (Fig. 3D). Consistent with our observations,
FBS2 expression is drastically down-regulated in lymphoblastoid
cells derived from most patients with NGLY1 deficiency (“NGLY1
browser”; https://ngly.shiny.embl.de/). These results further support
our conclusion that FBS2 is deleterious to NGLYI-KO cells and
animals.

Collectively, our results are consistent with the following scenarios:
in wild-type cells, if ERAD substrate glycoproteins are deglycosylated
by NGLY 1, they will no longer be recognized by FBS2 and degraded
by proteasomes (Fig. 64, Left). In the absence of NGLY1, however,
glycoproteins will be constitutively ubiquitinated by SCF™52, which
overloads proteasomes, thereby impairing them (Fig. 64, Middle).
Under conditions of proteasome inhibition or stress, N-glycosylated
NRF1 ubiquitinated by SCF*™2 which cannot be processed by
DDI2 and is therefore retained in the cytosol, induces proteasome
dysfunction in NGLY1-KO cells. Consistent with this view, the ex-
pression of “glycan-less” NRF1 or the additional deletion of NRFI
rescued FBS2-induced cell death in NGLYI-KO cells. In the
absence of both NGLY1 and FBS2, most ERAD substrates are
degraded normally, and abnormally processed NRF1 moves to
the nucleus without accumulating in the cytosol; this may be
because excessive ubiquitination of glycoproteins by SCFF252 is
prevented, thereby suppressing the effects of NGLY1 deficiency
(Fig. 64, Right).

NGLY1 activity is important for the activation of NRF1 by
sequence editing, which is critical for transcriptional activation of
proteasome subunits upon inhibition of proteasome activity (12).
However, the sequence-edited NRF1 9N/D mutant induced ex-
cessive expression of proteasome genes, even in the absence of a
proteasome inhibitor (SI Appendix, Fig. S5 A, B, and E), sug-
gesting that the deglycosylation of NRF1 fine-tunes NRF1 activity.
Conversely, when NGLY1 activity is lost, NRF1, which is retained
in the cytosol due to aberrant ubiquitination by SCF*®%? causes
proteasome dysfunction. Thus, NGLY1 regulates proteasome
function in both NRF1’s transcriptional activity—-dependent
and —independent manners. We do not yet understand how
exactly the abnormally ubiquitinated NRF1 impairs proteasome
function. Although overexpression of FBS2 or FBS2/NRF1 de-
creased the in vitro chymotryptic activities of the proteasome in
NGLY1-KO cells (Fig. 4D), proteasomes were not recovered from
the detergent-insoluble fraction, and proteasome aggregates were
not detected in NGLY1-KO cells expressing GFP-tagged protea-
some subunits and FBS2. In addition, we detected no interaction
between the proteasomes and NRF1 in immunoprecipitation analyses
using cross-linked lysates of FBS2-overexpressing NGLYI-KO
cells. Future studies should explore the precise mechanisms
underlying the proteasomal dysfunction caused by abnormally
ubiquitinated NRF1.
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NGLY1 regulates cytosolic glycoproteostasis and is important
for embryogenesis and survival in mice. About 30% of Nglyl ™~
embryos were inviable at E17.5 to 18.5, and Nglyl =~ embryos at
E16.5 developed a ventricular septal defect (VSD) and anemia
(19). The expression of Fbs2 was up-regulated in both the heart
and liver at later stage of embryonic development (SI Appendix,
Fig. S1C), and even heterozygous Fbs2 mutation could attenuate
the lethality of Nglyl ™~ mice (Fig. 1D), suggesting that a high
level of Fbs2 induces the VSD that causes lethality in Nglyl /=
mice. Although NRF1 is a crucial target for both NGLY1 and
FBS2, it is possible that other ERAD substrate glycoproteins are
also ubiquitinated by SCF"™®5? in the absence of NGLY1. These
ubiquitinated glycoprotein substrates may not always impair
proteasome function, and it remains unclear at this time whether
cell type-specific proteotoxic substrates exist. NGLY1 also regu-
lates NRF1-mediated mitochondrial function (37) and inflam-
mation (36). Tissue-specific bone morphogenetic protein signaling
in Drosophila and aquaporin transcription through Crebl are also
regulated by NGLY1 (38-40). The identification of ubiquitinated
glycoproteins other than NRF1 in Ngly/-KO mouse/rat embryos
would help reveal the precise cause of their lethality and defects. It
is possible that the accumulation of specific NGLY1-dependent
substrates is catastrophic for embryogenesis in Ngly/-KO mice. A
wide spectrum of symptoms has been reported in patients with
NGLY1 deficiency; however, the genotype—phenotype correlation
was not so obvious (15, 16, 41). It will be necessary to determine
whether there are single nucleotide polymorphsms (SNPs) in the
FBS2 gene or differences in FBS2 expression levels in patients
with NGLY1 deficiency to clarify whether FBS2 expression can
indeed influence the severity of the symptoms of these patients.

Although there are several viable animal models for Nglyl-KO
mice and rats (19, 20), Fbs2;Nglyl dKO mice are by far the
healthiest, indicating that Fbs2 contributes to most if not all of
the phenotypic consequences of Nglyl-KO mice. Notably, the
embryonic lethality of Ngly/-KO was also partially suppressed
by heterozygous KO of Fbs2, and no dramatic defect in motor
functions was observed in these animals. Furthermore, Fbs2-
KO mice were completely normal, further indicating that de-
velopment of an FBS2 inhibitor represents a promising strategy
for treating NGLY1 deficiency.

Materials and Methods

Generation of Fbs2-KO Mice. Genomic DNA containing the mouse MAD2L2-
Fbs1 gene (S| Appendix, Fig. STA) was isolated from a BAC (ATCC clone RP23-
139J21) and a targeting vector was constructed by replacing a part of exon 1
and exons 2 to 4 of the Fbs2 gene with a loxP site and MC1-neo resistance
gene. Another loxP site was also inserted into 3’ of the Fbs7 gene. The vector
was transfected into ES cells (TT2) (42), and G418-resistant colonies were
selected. A homologous recombinant ES clone containing the appropriately
targeted allele was microinjected into eight-cell embryos of Crl:CD1 (ICR)
mice. The resultant chimeric mice were backcrossed with C57BL/6 mice more
than 12 times. Genotyping conditions are described in SI Appendix.

Phenotypic Analyses of Fbs2~'~; Ngly1~'~ Mice. Detailed methods about hin-
dlimb clasping tests, Rotarod test, and histological analysis are described in
SI Appendix.

Establishment of NGLY1-KO, FBS2;NGLY1-dKO, NRF1-KO, NGLY1;NRF1-dKO, and
NGLY1-dKO;NRF1-low Cell Lines. To generate KO cell lines, CRISPR target sites
were designed using CHOPCHOP (https://chopchop.cbu.uib.no/) and cloned
into a pX330-U6-Chimeric_BB-Cbh-hSpCas9 (Addgene plasmid #42230). De-
tailed methods for generation of KO cell lines are described in S/ Appendix.

Transfections and Generation of Stable Cell Lines. Detailed methods for
plasmid construction are described in S/ Appendix. For transient transfection
of plasmids in Fig. 2C and S/ Appendix, Fig. S2 A and B, Lipofectamine 2000
(Thermo Fisher Scientific) was used for HelLa cells, and FUGENE® transfection
reagent (Promega) was used for HCT116 cells. Stable cell lines were estab-
lished by recombinant retrovirus infection as follows. Virus particles were
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produced in human embryonic kidney (HEK)293T cells by cotransfection with
a retrovirus plasmid (expressing in pMXs-puro vector), Gag-Pol (Addgene
plasmid #14887), and VSV-G (Addgene plasmid #8454) by Lipofectamine LTX
with Plus reagent (Thermo Fisher). Detailed methods for generation of
stable cell lines are described in S/ Appendlix.

Subcellular Protein Fractionation. Hela cells cultured for 4 d after infection
with retrovirus expressing FLAG-FBS2 or FLAG- FBS2YW/AA were treated
with or without 20 nM Btz for 5 h, harvested with trypsin-EDTA, and counted.
Per sample, 1 x 10° cells were analyzed using the Subcellular Protein Frac-
tionation Kit for Cultured Cells (Thermo Fisher Scientific). Aliquots of each
fraction totaling 2 pl were used for immunoblotting.

Colony-Forming Unit Assay. A total 20 h after infection with recombinant
retrovirus generated by pMXs-puro vector transfection, cells were cultured in
fresh medium for 16 h. Cells were harvested by trypsinization, counted, and
plated in 6-well dishes at the same number of cells/well in the presence of
1 pg/mL puromycin. After culture for 11 to 14 d, cells were rinsed with
phosphate-buffered saline (PBS) and stained with a mixture of 6% glutaraldehyde
and 0.5% crystal violet for 30 min. The 6-well dishes were rinsed with water
and dried, and colonies were counted.

gRT-PCR. Cells were harvested 16 h after 20 nM bortezomib treatment. Total
RNA was isolated using TRIzol Reagent (Thermo Fisher Scientific) and reverse-
transcribed using the Transcriptor First Strand complementary DNA (cDNA)
Synthesis Kit (Roche). gRT-PCR was performed with LightCycler 480 SYBR
Green | Master (Nippon Genetics) on a LightCycler 480 (Roche). Primer se-
quences are provided in S/ Appendix.
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Proteasome Peptidase Activity Measurement. Peptidase activity of the 26S
proteasome in cell lysates was measured as described previously (43). Further
details of the analysis are described in SI Appendix.

Statistical Analysis. EXSUS version 8.0 (CAC Croit Corporation) was used for
statistical analysis of the mouse experiments. Prism 7 (GraphPad Software)
was used for statistical analysis of experiments using cell lines. Statistical tests
are indicated in the corresponding figure legends. Numerical data are shown
as means + SD of the indicated biological replicates. P < 0.05 was considered
statistically significant.

Additional information is provided in S/ Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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