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Mammalian cells exploit diverse metabolic pathways to 
regulate cell fates during glucose deprivation. We previously 
reported that glucose deprivation lowers the metabolic activity 
of the mannose pathway, which is interconnected with glycol-
ysis, leading to biosynthetic arrest and degradation of the glycan 
precursors for asparagine-linked glycosylation (N-glycosylation) 
in the endoplasmic reticulum. However, the cellular role of this 
sequential metabolic response remains unknown, largely 
because of metabolic complications caused by glucose depri-
vation. Here, we genetically engineered cells to separate the 
mannose pathway from glycolysis, allowing precise control of 
mannose pathway activity by adjusting mannose supply levels 
instead of changing glucose supply. Moderate decrease in 
mannose supply severely suppressed N-glycosylation, leading to 
activation of prosurvival protein kinase R–like endoplasmic 
reticulum kinase–eukaryotic initiation factor 2 signals. 
Although a further decrease in mannose supply to the minimal 
levels did not compromise cell survival, it depleted the luminal 
protective glycocalyx of lysosomes and increased the risk of cell 
death by impairing lysosome integrity. These results indicate 
that low metabolic flux of glucose into the mannose pathway 
initiates alterations in homeostasis of the endoplasmic reticu-
lum and lysosomes, at least in part through N-glycosylation 
defects, leading to cell fate decisions.

Glucose deprivation is one of the hallmarks of the tumor 
microenvironment (1). This nutrient stress induces a wide 
range of adaptive responses by activating survival signals and 
optimizing metabolic activity, whereas prolonged or intoler-
able stress triggers cell death (2). Cancer cell survival in low 
glucose environment is known to enhance gene mutations 
that drive tumor progression (3). Thus, understanding of the 
molecular mechanisms behind adaptive responses against

glucose deprivation is crucial for the development of effective 
cancer treatment.

Glucose is a major carbon source of glycolysis and meta-
bolic pathways that branch from glycolysis. These branches 
can contribute to the synthesis of nucleotide sugars that serve 
as the sugar donor substrates for glycosylation of proteins and 
lipids. Asparagine-linked glycosylation (N-glycosylation) is a 
fundamental post-translational modification of proteins syn-
thesized in the endoplasmic reticulum (ER). N-glycosylation is 
initiated by the assembly of dolichol-linked oligosaccharides 
(DLOs), which comprise three glucose, nine mannose, and 
two GlcNAc residues linked to pyrophosphate (PP)–dolichol 
in mammalian cells. The biosynthesis of DLOs requires three 
types of nucleotide sugars (UDP-GlcNAc, GDP-mannose, and 
UDP-glucose) that can be synthesized from glucose (Fig. 1A) 
(4, 5). When the fully assembled DLO is synthesized, the 
glycan moiety is transferred to the asparagine residue within 
the consensus sequences (Asn-X-Ser/Thr, X ≠ Pro) of nascent 
polypeptides (6, 7). N-glycans regulate not only the folding of 
proteins in the ER but also the disposal of misfolded proteins 
to the cytosol for proteasomal degradation (8). Properly fol-
ded glycoproteins undergo N-glycan remodeling for func-
tional maturation as they are trafficked to their final 
destinations to maintain homeostasis at the levels of organ-
elles, cells, and individuals (4, 5, 8).

Despite the homeostatic roles of N-glycosylation, this 
modification is easily suppressed by glucose deprivation 
(9–11). We previously reported that owing to depletion of 
GDP-mannose, glucose deprivation induces biosynthetic ar-
rest and premature degradation of DLOs at an early stage of 
their biosynthesis (4, 5, 12), leading to hypoglycosylation of 
proteins (12). However, it remains unclear whether glucose 
deprivation–induced N-glycosylation defects are the mecha-
nism to promote adaptation or cell death because glucose 
deprivation causes metabolic complications, making it diffi-
cult to extract specific stress responses for functional analyses. 
To overcome this issue, cells were genetically engineered to
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separate GDP-mannose biosynthesis (hereafter referred to as 
the mannose pathway) from glucose metabolism (glucose 
pathway). This metabolic compartmentalization approach 
allowed the individual control of the glucose and mannose 
pathways by altering the supply of glucose and mannose, 
respectively (Fig. 1A). Our findings revealed the distinct role 
of glucose and mannose pathways in regulating cell fate 
decisions.

Results
Glucose and mannose pathways play distinct roles in cell fate 
decisions

The mannose pathway was separated from the glucose 
pathway by knocking out the MPI gene, which encodes 
mannose phosphate isomerase (MPI) that catalyzes the inter-
conversion between fructose-6-phosphate and mannose-6-
phosphate (Man-6-P; Fig. 1A) (12–15). To induce mannose 
deprivation, gene-edited MPI-KO human fibrosarcoma 
HT1080 cells (12) were cultured in mannose-deprived medium 
supplemented with glucose to maintain the glucose pathway. 
The cell survival assay revealed that mannose deprivation 
barely decreased the viability of MPI-KO HT1080 cells

(Fig. 1B); however, substantial hypoglycosylation was detected 
(Fig. 1C). Resistance to mannose deprivation culture was also 
observed in other MPI-KO cell lines, which included human 
breast cancer MDA-MB-231 cells, human cervical cancer HeLa 
cells, mouse fibrosarcoma MCA205 cells, and mouse embry-
onic fibroblasts (MEFs; Fig. S1, A and B). Enzymatic removal of 
N-glycans by PNGase F canceled the molecular weight differ-
ence between integrin β1 in mannose-supplemented and 
mannose-deprived cells, demonstrating that the band shift 
observed in these cells reflects altered N-glycosylation 
(Fig. S1C). Glucose-deprived MPI-KO HT1080 cells that were 
supplemented with mannose to maintain the mannose 
pathway significantly decreased the cell viability in MPI-KO 
HT1080 cells (Fig. 1B), despite causing milder hypo-
glycosylation compared with mannose deprivation (Figs. 1C, 
S1D). The effects of glucose deprivation, which again contained 
mannose to maintain the mannose pathway, on cell viability 
varied between MPI-KO cell lines, revealing a substantial 
decrease in the viability of MPI-KO MDA-MB-231 cells, 
whereas MPI-KO MCA205 and MPI-KO HeLa cells showed 
resistance (Fig. S1E). These results indicate that the glucose 
and mannose pathways play distinct roles in cell fate decisions 
in MPI-KO HT1080 cells and MPI-KO MDA-MB-231 cells.
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Figure 1. Glucose and mannose pathways play distinct roles in cell fate decisions. A, GDP-mannose biosynthesis. Glucose is converted to glucose-6-
phosphate (Glc-6-P), which is isomerized to fructose-6-phosphate (Fruc-6-P). Mannose phosphate isomerase (MPI) catalyzes the interconversion between 
Fruc-6-P and mannose-6-phosphate (Man-6-P). Man-6-P is sequentially converted to mannose-1-phosphate (Man-1-P) and then GDP-mannose (GDP-Man). 
MPI KO decouples glucose (Glc) metabolism and GDP-Man biosynthesis. The MPI-KO cells require mannose (Man) to synthesize GDP-Man. B, cell viability of 
MPI-KO HT1080 (#3) cells. These cells were cultured for 24 h in complete medium containing 25 mM Glc and 50 μM Man or in the deprivation medium that 
contained either 25 mM Glc and 0 μM Man (mannose deprivation) or 0.5 mM Glc and 50 μM Man (glucose deprivation). Cell viability was analyzed using a 
colony formation assay, where the treated cells were harvested, reseeded, and cultured in complete medium for 8 days. The area of the colonies that 
contained >50 cells was measured, and the colony area in the cells that were initially treated with the complete medium was set to 1. Data represent the 
mean ± SD; n = 3 independent experiments. Each data point was obtained from the mean of three technical replicates. ***p < 0.001, unpaired t test. ns, 
not significant. C, Western blot analyses of MPI-KO HT1080 (#3) cells cultured in complete, mannose deprivation (25 mM Glc and 0 μM Man), or glucose 
deprivation medium (0.5 mM Glc and 50 μM Man) for the indicated periods. Filled arrowheads and bars indicate mature and hypoglycosylated forms of 
integrin β1, respectively. β-Actin was used as a loading control.
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Low mannose pathway activity activates prosurvival protein 
kinase R–like endoplasmic reticulum kinase–eukaryotic 
initiation factor 2 signals

Mannose deprivation was tolerable, possibly because hypo-
glycosylation induces ER stress and activates the unfolded 
protein response (UPR) to promote cell survival (16–23). 
Mannose deprivation activated all three arms of the UPR in 
MPI-KO HT1080 cells, which included the splicing of X-box 
binding protein 1 (XBP1) mRNA by inositol-requiring enzyme 
1 (IRE1) (Fig. 2A), protein kinase R–like endoplasmic reticu-
lum kinase (PERK) phosphorylation (Fig. 2B), and activating 
transcription factor 6 (ATF6) cleavage (Fig. 2C), at which se-
vere hypoglycosylation was detected (Fig. 1C). Although IRE1 
activation and ATF6 cleavage were transient (Fig. 2, A and C), 
PERK phosphorylation remained high during mannose depri-
vation (Fig. 2B). To assess whether UPR activation was 
responsible for cell survival, mannose-deprived MPI-KO 
HT1080 cells were treated with inhibitors of IRE1 (KIRA 8 
(24), Fig. 2D), PERK (GSK2656157 (25), Fig. 2E), and ATF6 
(Ceapin-A7 (26), Fig. 2F). Mannose deprivation showed syn-
thetic lethality only with PERK inhibition (Fig. 2, G–I), which 
alone did not decrease the cell viability (Fig. 2H). PERK 
expression was silenced in MPI-KO HT1080 cells to elaborate 
on these findings (Fig. 2J), and PERK knockdown significantly 
decreased cell viability only when mannose was deprived from 
the culture medium (Fig. 2K). Moreover, PERK inhibition 
caused lethality across multiple mannose-deprived MPI-KO 
cell lines, except for MPI-KO HeLa cells (Fig. S2A). These 
results indicate that PERK phosphorylation is essential for the 
survival of various MPI-KO cells under mannose deprivation 
conditions.
MPI-KO HT1080 cells were cultured in glucose-deprived 

medium, which was supplemented with mannose, to eluci-
date the specific role of the glucose pathway in the UPR, 
revealing UPR activation profiles that were distinct from those 
observed in the mannose-deprived culture (Fig. S2, B and C). 
In MPI-KO HT1080 cells, glucose deprivation induced less 
pronounced PERK phosphorylation than mannose deprivation 
(Fig. S2, C and D), and PERK inhibition in these cells only 
partially reduced viability (Fig. S2E). These results indicate that 
low glucose pathway activity promotes cell survival through 
both PERK-dependent and -independent mechanisms. 
Although glucose deprivation transiently activated the IRE1 
arm in MPI-KO HT1080 cells (Fig. S2B), which was also 
observed during mannose deprivation, ATF6 cleavage was 
detected over the incubation period (Fig. S2C). To analyze UPR 
activation profiles in MPI-expressing cells under glucose-
deprived conditions, MPI expression was rescued in MPI-KO 
HT1080 cells (12) and the cells were cultured in glucose-
deprived medium. The analysis revealed similar UPR activa-
tion profiles between glucose-deprived MPI-rescued and 
mannose-deprived MPI-KO HT1080 cells (Fig. S2, F and G). 
Moreover, as in the case of mannose-deprived MPI-KO 
HT1080 cells, pharmacological inhibition of PERK resulted in 
synthetic lethality in glucose-deprived MPI-rescued cells 
(Fig. S2, H and I). These results indicate that the mannose

pathway primarily regulates the UPR under glucose-deprived 
conditions, thereby conferring PERK dependency on cell sur-
vival. To examine whether low mannose pathway activity was 
beneficial in promoting cell survival during glucose depriva-
tion, the viability of MPI-KO HT1080 cells was compared 
between conditions of glucose deprivation alone or in combi-
nation with glucose and mannose deprivation. The cell survival 
assay revealed that combined glucose and mannose deprivation 
resulted in better survival than glucose deprivation alone in 
MPI-KO HT1080 cells (Fig. S2J), suggesting that low mannose 
pathway activity was beneficial for cell survival under glucose-
deprived conditions.

To elucidate how PERK phosphorylation supported cell 
survival in mannose-deprived MPI-KO HT1080 cells, the 
possible involvement of NF-E2-related factor 2 (NRF2) and 
eukaryotic initiation factor 2α (eIF2α), which are the two 
PERK substrates that regulate cell fate decision in oxidative 
stress response (27) and integrated stress response (28), 
respectively, was analyzed. Upon oxidative stress, NRF2 is 
released from KEAP1, stabilized, and localized to the nucleus 
(29). To examine the role of NRF2 in supporting cell survival 
in mannose-deprived MPI-KO HT1080 cells, NRF2 was 
knocked down in these cells (Fig. 2L), revealing that mannose 
deprivation did not significantly decrease cell viability 
(Fig. 2M). Phosphorylation of eIF2α at Ser51 was significantly 
increased at 24 h after mannose deprivation in MPI-KO 
HT1080 cells (Fig. 2, N and O). Moreover, antagonizing the 
effects of eIF2α phosphorylation by an integrated stress 
response inhibitor (ISRIB) (30, 31) caused a synthetic lethality 
with mannose deprivation (Fig. 2P). These findings indicate 
that low mannose pathway activity activates prosurvival 
PERK–eIF2 signals.

Translation is differently controlled by the glucose and 
mannose pathways

eIF2α phosphorylation induces global translation arrest to 
reduce protein load during glucose deprivation (32), whereas 
it enhances the selective translation of ATF4 to promote 
adaptive gene expression for life–death decision control (33). 
Puromycin-labeling experiments to monitor translation were 
performed to examine whether mannose deprivation induced 
global translation arrest in MPI-KO HT1080 cells (34). 
Notably, mannose deprivation did not decrease puromycin 
incorporation into the nascent chains in MPI-KO 
HT1080 cells (Figs. 3, A and B, S3, A and B), although 
hypoglycosylation and PERK activation were induced 
(Fig. 3A). In contrast, translation arrest, PERK activation, and 
hypoglycosylation were evident in WT HT1080 cells when 
cultured under glucose-deprived conditions (Fig. 3, B and C 
and S3C), indicating that these cells could induce translational 
arrest upon low glucose supply. Puromycin labeling of 
glucose-deprived MPI-KO HT1080 cells was performed to 
determine whether the low glucose pathway activity was 
responsible for translation arrest under glucose-deprived 
conditions. The analysis revealed the rapid induction of 
translation arrest (Fig. 3, B and D and S3D), at which point no
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Figure 2. Low mannose pathway activity activates prosurvival PERK–eIF2 signals. A, Analysis of XBP1 mRNA splicing in MPI-KO HT1080 (#3) cells 
cultured in complete (25 mM Glc and 50 μM Man) or mannose deprivation medium (25 mM Glc and 0 μM Man) for the indicated periods. XBP1 mRNA was 
reverse-transcribed (RT), and the complementary DNA was amplified using PCR. The PCR products were treated with PstI to distinguish the spliced XBP1 
(sXBP1) from unspliced XBP1 (uXBP1). PstI digestion yielded two small fragments (295 bp and 147 bp) of uXBP1, whereas sXBP1 is resistant to enzyme 
digestion. uXBP1 (147 bp) was not detected consistently across all lanes. ACTB was used as a loading control. B and C, Western blot analysis of PERK (B) and 
ATF6 (C) in MPI-KO HT1080 (#3) cells cultured in complete (25 mM Glc and 50 μM Man) or mannose deprivation medium (25 mM Glc and 0 μM Man) for 
the indicated periods. Bar, phosphorylated PERK (p-PERK); filled arrowheads, PERK (B) and ATF6 (C); open arrowhead, the N-terminal fragment of ATF6 (ATF6 
[N]). The asterisk denotes hypoglycosylated forms of ATF6. β-Actin was used as a loading control. D, analysis of XBP1 mRNA splicing in MPI-KO HT1080 (#3) 
cells treated with or without 0.5 μM KIRA8 in complete or mannose deprivation for 24 h. The RT–PCR product of XBP1 mRNA was treated as in A. uXBP1 
(147 bp) was not detected. RT–PCR of ACTB was performed as a loading control. E and F, Western blot analysis of PERK (E) and ATF6 (F) in MPI-KO HT1080 
(#3) cells treated with or without 100 nM GSK2656157 (E) and 1 μM Ceapin-A7 (F) in complete or mannose deprivation medium for 24 h. The asterisk 
denotes the hypoglycosylated form of ATF6. β-Actin was used as a loading control. G–I, cell viability of MPI-KO HT1080 (#3) cells treated with or without an 
IRE1 inhibitor KIRA8 (G, 0.5 μM), a PERK inhibitor GSK2656157 (H, 100 nM), and an ATF6 inhibitor Ceapin-A7 (I, 1 μM) in complete (25 mM Glc and 50 μM 
Man) or mannose deprivation medium (25 mM Glc and 0 μM Man) for 24 h. Cell viability was analyzed using a colony formation assay as described in
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apparent PERK activation and hypoglycosylation were 
detected (Fig. 3D). Similar effects of glucose deprivation on 
global translation arrest were observed in human breast 
cancer MDA-MB-231 cells, regardless of MPI expression 
(Fig. S3, E–G), supporting the finding that low glucose 
pathway activity was responsible for translation arrest. How-
ever, unlike thapsigargin-induced translation arrest (30), 
glucose deprivation–induced translation arrest was not 
restored by ISRIB treatment in MPI-KO and WT 
HT1080 cells (Fig. 3E, S3H), suggesting that eIF2-independent 
mechanisms regulated global translation under glucose-
deprived conditions.

A dual metabolic regulation of ATF4 by the glucose and 
mannose pathways was observed. In MPI-KO HT1080 cells, 
ATF4 expression increased transiently 6 h after mannose 
deprivation (Fig. 3F). ATF4 upregulation was abolished by 
treating these cells with GSK2656157 or ISRIB (Fig. 3G), sug-
gesting that the PERK–eIF2 axis regulates ATF4 levels in 
mannose-deprived MPI-KO HT1080 cells. In contrast, glucose 
deprivation of MPI-KO HT1080 cells upregulated ATF4 at 
24 h (Fig. 3F). Consistent with these findings, WT 
HT1080 cells showed increased ATF4 levels at both the early 
(6 h) and late (24 h) stages of glucose deprivation (Fig. 3F). 
Although this study aimed to elucidate the role of the dual 
metabolic regulation of ATF4 in supporting cell survival, ATF4 
knockdown alone severely decreased cell viability (Fig. 3, H and 
I), which was fully restored by supplementation with nones-
sential amino acids and 2-mercaptoethanol (Fig. 3I) (21), 
confirming the general role of ATF4 in supporting cell survival 
(35). These results indicate that translation is differentially 
controlled by glucose and mannose pathways.

Glucose and mannose pathways differently regulate DLO 
metabolism

Changes in the metabolic activity of the glucose and 
mannose pathways modulated N-glycosylation efficiency to 
different levels; however, the underlying mechanism is un-
clear. As the glucose and mannose pathways in MPI-KO cells 
contribute to the production of different nucleotide sugars for 
DLO biosynthesis (Fig. 1A), the metabolism of DLOs was 
analyzed in MPI-KO HT1080 cells. Glycan analysis revealed

that mannose deprivation caused a steep decrease in the fully 
assembled Glc 3 Man 9 GlcNAc 2 -PP-dolichol at 6 h (Figs. 4A, 
S4A), which was accompanied by gradual accumulation of 
phosphorylated oligosaccharides (POSs) that primarily con-
tained Man 2 GlcNAc 2 and Man 3 GlcNAc 2 (Figs. 4, A and B and 
S4B). This result confirmed the previous findings, showing 
that the low activity of the mannose pathway induces 
biosynthetic arrest and premature degradation of DLOs at the 
early stages of mannose assembly (14). In contrast, glucose-
deprived MPI-KO HT1080 cells showed a gradual decrease 
in the fully assembled DLO with the accumulation of Man 9-
GlcNAc 2 -PP-dolichol, rather than Glc 3 Man 9 GlcNAc 2 -PP-
dolichol, 18 h after glucose deprivation (Figs. 4C, S4C), but 
without POS accumulation (Figs. 4, C and D and S4D). This 
result indicates that low glucose pathway activity inhibited 
DLO biosynthesis during glucose assembly, likely owing to 
insufficient UDP-Glc (14). All these results indicated that the 
accumulation of Man 9 GlcNAc 2 -PP-dolichol in glucose-
deprived MPI-KO HT1080 cells may be linked to mild 
hypoglycosylation (Figs. 1C, S1D), whereas depletion of DLOs 
in the mannose-deprived cells probably resulted in more 
pronounced hypoglycosylation (Figs. 1C, S1D). DLOs and 
POSs were analyzed in glucose-deprived MPI-rescued 
HT1080 cells to determine which sugar metabolic pathways 
were the primary determinants of DLO metabolism under 
glucose-deprived conditions, revealing a rapid decrease in 
DLOs and the accumulation of POSs with short glycan chains 
(Figs. 4, E and F, S4, E and F). Collectively, our findings 
provide conclusive evidence that mannose pathway activity 
serves as a key regulator of DLO metabolism under glucose 
deprivation conditions.

Mannose pathway activity determines lysosome integrity

Although mannose deprivation caused severe hypo-
glycosylation in MPI-KO HT1080 cells (Fig. 1C), treating these 
cells with tunicamycin, which inhibits DLO biosynthesis 
(36, 37), almost completely suppressed N-glycosylation 
(Fig. S1D). Given that tunicamycin strongly reduced cell 
viability (Fig. S5A), minimal N-glycosylation may occur to 
support cell survival in mannose-deprived MPI-KO 
HT1080 cells. To test this hypothesis and explore the role of

Figure 1B. The colony area of cells initially treated without inhibitors in the complete medium was set to 1. Data represent the mean ± SD; n = 3 in-
dependent experiments. Each data point was obtained from the mean of three technical replicates. ****p < 0.0001, two-way ANOVA with post hoc 
Dunnett’s test. ns, not significant. J, Western blot analysis of PERK in MPI-KO HT1080 (#3) cells transfected with negative control siRNA (siNC) or two 
different siRNAs targeting human PERK (siPERK 02 and siPERK 05). β-Actin was used as a loading control. K, cell viability of MPI-KO HT1080 (#3) cells treated 
as in J. The colony area in cells treated with siNC in complete medium was set to 1. Data represent the mean ± SD; n = 3 independent experiments. Each 
data point was obtained from the mean of three technical replicates. ****p < 0.0001, two-way ANOVA with post hoc Dunnett’s test. ns, not significant. 
L, Western blot analysis of NRF2 in MPI-KO HT1080 (#3) cells transfected with siNC or two different siRNAs targeting human NRF2 (siNRF2 01 and siNRF2 
02). β-Actin was used as a loading control. M, cell viability of MPI-KO HT1080 (#3) cells treated as in Figure 2L. The colony area of siNC-transfected cells 
initially cultured in complete medium was set to 1. Data represent the mean ± SD; n = 3 independent experiments. Each data point was obtained from the 
mean of three technical replicates. Two-way ANOVA post hoc Dunnett’s test. ns, not significant. N, Western blot analysis of eIF2α phosphorylation at Ser51 
(p-eIF2α) in MPI-KO HT1080 (#3) cells cultured in complete (25 mM Glc and 50 μM Man) or mannose deprivation medium (25 mM Glc and 0 μM Man) for 
the indicated periods. β-Actin was used as a loading control. O, relative expression levels of phosphorylated eIF2α (p-eIF2α) in MPI-KO HT1080 (#3) cells 
cultured in complete (25 mM Glc and 50 μM Man) or mannose deprivation medium (25 mM Glc and 0 μM Man) for the indicated periods. Band intensity of 
p-eIF2α was normalized to that of total eIF2 detected using Western blotting. Data represent the mean ± SD; n = 3 independent experiments. *p < 0.05 
and **p < 0.01, two-way ANOVA post hoc � Sídák’s test. ns, not significant. P, cell viability of MPI-KO HT1080 (#3) cells treated for 24 h with (+) or without (−) 
100 nM integrated stress response inhibitor (ISRIB) in complete (25 mM Glc and 50 μM Man) or mannose deprivation medium (25 mM Glc and 0 μM Man). 
The colony area of cells treated with vehicle alone in complete medium was set to 1. Data represent the mean ± SD; n = 3 independent experiments. Each 
data point was obtained from the mean of three technical replicates. ****p < 0.0001, two-way ANOVA with post hoc Dunnett’s test. ATF6, activating 
transcription factor 6; eIF2, eukaryotic initiation factor 2; ns, not significant; PERK, protein kinase R–like endoplasmic reticulum kinase.
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Figure 3. Translation is differently controlled by glucose and mannose pathways. A, puromycin labeling experiments of MPI-KO HT1080 (#6) cells 
cultured in mannose deprivation medium (25 mM Glc and 0 μM Man) for the indicated periods. MPI-KO HT1080 (#3) cells contained the Puro R gene, and 
therefore, MPI-KO clones with the Blast R gene (#1 and #6, Fig. S3A) were prepared for puromycin labeling experiments. The cells were labeled with 5 μg/ml 
puromycin for 15 min before harvest. Bars, phosphorylated PERK (p-PERK); filled arrowheads, PERK. β-Actin was used as a loading control. B, relative level of 
puromycin incorporation in MPI-KO HT1080 (#6) cells and the WT HT1080 cells cultured in mannose (25 mM Glc and 0 μM Man, for MPI-KO cells) or glucose 
deprivation medium (0.5 mM Glc and 0 μM Man for WT, 0.5 mM Glc and 50 μM Man for MPI-KO cells) for the indicated periods. Quantification was 
performed based on puromycin band intensities detected by Western blotting and was normalized to that of β-actin. Data represent the mean ± SD; n = 3 
independent experiments. C, puromycin labeling of nascent polypeptides in WT HT1080 cells cultured in glucose deprivation (0.5 mM Glc and 0 μM Man) 
for the indicated periods. β-Actin was used as a loading control. D, puromycin labeling experiments (left) of MPI-KO HT1080 (#6) cells cultured in glucose 
deprivation medium (0.5 mM Glc and 50 μM Man) for the indicated periods. β-Actin was used as a loading control. E, puromycin labeling of nascent 
polypeptides in MPI-KO HT1080 (#6) and WT HT1080 cells treated with (+) or without (−) 100 nM ISRIB. These cells were cultured in the mannose (25 mM 
Glc and 0 μM Man for MPI-KO HT1080 cells) or glucose deprivation medium (0.5 mM Glc and 50 μM Man for MPI-KO HT1080 cells, 0.5 mM Glc and 0 μM
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minimal N-glycans in supporting cell survival, label-free 
shotgun glycoproteomics was performed to identify glycopro-
teins carrying minimal N-glycans generated in mannose-
deprived MPI-KO HT1080 cells (Fig. 5A). N-glycopeptides 
were enriched from crude tryptic (glyco)peptides using beads 
conjugated with concanavalin A (Con A) lectin or recombinant 
Polyporus squamosus (rPSL1a) lectin, which recognize 
oligomannose-type or α2,6-sialylated N-glycans, respectively. 
After enzymatic removal of N-glycans from the glycopeptides, 
the de-N-glycosylated peptides were analyzed using LC–MS/ 
MS (Table S1). Peptides that contained at least one potential N-
glycosylation site and showed a >2-fold increase in mannose-
deprived cultures compared with mannose-supplemented cul-
tures were selected for Gene Ontology (GO) analysis, revealing 
lysosomes as a shared GO term in the top 10 hits between Con 
A and rPSL1a enrichment (Fig. 5B, Table S2).

Lysosomes are major digestive organelles, and their 
dysfunction induces lysosomal cell death (38, 39). The dense 
glycocalyx covering the lumen of lysosomes functions as a 
physical barrier against hydrolytic enzymes to maintain 
lysosomal integrity (40, 41). Lysosome-associated membrane 
protein 1 (LAMP1), which is normally heavily N-glycosylated 
and present in the proteomic dataset (Table S1), exhibited low 
expression levels and severe hypoglycosylation in mannose-
deprived MPI-KO HT1080 cells (Fig. 5C). The sensitivity of 
MPI-KO HT1080 cells to chloroquine (CQ), a lysosomotropic 
agent that causes lysosomal dysfunction, was examined to 
elucidate the role of the mannose pathway in maintaining 
lysosomal integrity (42–44). CQ treatment hardly reduced the 
viability of MPI-KO HT1080 cells, irrespective of mannose 
supplementation (Fig. 5D). The same CQ treatment increased 
the lipidated form of microtubule-associated protein 1 light 
chain 3β (LC3B-II) (Fig. 5E), indicating that CQ impaired 
lysosomes (42, 43). However, replacing fetal bovine serum 
(FBS) with dialyzed FBS sensitized MPI-KO HT1080 cells to 
CQ only when mannose was deprived (Fig. 5D). A combina-
tion of dialyzed FBS and mannose deprivation caused more 
severe hypoglycosylation of LAMP1, and CQ treatment 
largely increased LC3B-II (Fig. 5E), implying that lysosomes 
were severely impaired. The similar cytotoxic effects of CQ 
were detected in mannose-deprived MPI-KO MDA-MB-213 
cells (Fig. S5, B and C).

Our findings strongly suggested that FBS-derived small 
molecules contribute to minimal N-glycosylation that confers 
CQ resistance in mannose-deprived MPI-KO HT1080 cells.

In vertebrates, free mannose is present in the serum at 30 to 
130 μM, which can contribute to GDP-mannose biosynthesis 
(45, 46). This raised the possibility that low amounts of FBS-
derived mannose, which were estimated to be approximately 
5 μM in the culture medium (47), enabled MPI-KO 
HT1080 cells to generate the minimal N-glycans necessary to 
maintain lysosomal integrity against lysosomotropic agents. 
Severe hypoglycosylation in mannose-deprived MPI-KO 
HT1080 cells and MPI-KO MDA-MB-231 cells that were 
cultured in the presence of dialyzed FBS was restored to 
normal levels when the mannose concentrations were titrated 
to those in human serum (50 μM) (Figs. 5F, S5D). Notably, the 
sensitivity of MPI-KO HT1080 cells and MPI-KO MDA-MB-
231 cells to lysosomotropic agents was almost completely 
abolished by supplementation with 5 μM mannose (Figs. 5G, 
S5E), which was accompanied by the generation of sub-
optimally N-glycosylated LAMP1 (Fig. S5F). These results 
indicate that mannose pathway activity, which was supported 
by 5 μM mannose supply, generates minimal N-glycans that 
may be involved in maintaining lysosome integrity against 
external insults.

Discussion
This study investigated whether glucose deprivation–induced 

N-glycosylation defects are a risk or benefit in mammalian cells. 
To pursue this fundamental question, the metabolic compart-
mentalization approach was developed to overcome metabolic 
complications in glucose deprivation by stratifying the glucose 
and mannose pathways. Here, we provide evidence that 
N-glycosylation defects, which are caused by moderate down-
regulation of the mannose pathway, induce adaptive responses. 
However, further downregulation of the mannose pathway re-
sults in extremely severe N-glycosylation defects, which deprive 
the protective glycocalyx in lysosomes, thereby increasing the 
risk of cell death. Moreover, the metabolic compartmentaliza-
tion approach revealed the distinct roles of the glucose and 
mannose pathways in the control of translation. This study 
provides novel insights into the metabolic mechanisms regu-
lating stress responses during glucose deprivation.

Glucose deprivation has long been known to induce 
N-glycosylation defects and UPR activation in the ER (48); 
however, the underlying metabolic mechanism, as well as its 
role in cell fate decisions, is not fully understood. Our meta-
bolic compartmentalization approach demonstrated that

Man for WT HT1080 cells). Quantification was performed using puromycin band intensities normalized to β-actin. The normalized value of ISRIB-untreated 
cells at 0 h in each experimental group (0.5 mM Glc and 0 μM Man in MPI-KO #6 and 0.5 mM Glc in WT) was set to 1.0. The mean values from three 
independent experiments are shown below the blot. Bar, phosphorylated PERK (p-PERK); filled arrowhead, PERK. β-Actin was used as a loading control. 
F, Western blot analysis of ATF4, PERK, and integrin β1 in MPI-KO HT1080 (#3) and WT HT1080 cells cultured for the indicated periods in complete (25 mM 
Glc and 50 μM Man), mannose deprivation (25 mM Glc and 0 μM Man for MPI-KO cells), or glucose deprivation medium (0.5 mM Glc and 50 μM Man for 
MPI-KO cells or 0.5 mM Glc and 0 μM Man for WT). β-Actin was used as a loading control. The asterisk indicates nonspecific bands. G, Western blot analysis 
of ATF4 and PERK in MPI-KO HT1080 (#3) cells treated for 6 h with (+) or without (−) 100 nM ISRIB or 100 nM GSK265615 in complete (25 mM Glc and 
50 μM Man) or mannose deprivation medium (25 mM Glc and 0 μM Man). β-Actin was used as a loading control. The asterisk indicates a nonspecific band. 
H, Western blot analysis of ATF4 in MPI-KO HT1080 (#3) cells transfected with nontargeting siRNA (siNC) or two different siRNAs targeting human ATF4 
(siATF4 01 and siATF4 07). The transfected cells were cultured for 24 h in complete medium (25 mM Glc and 50 μM Man) with (+) or without (−) 1× 
nonessential amino acid (NEAA) and 2-mercaptoethanol (2-ME), and these cells were treated with 10 μM MG132 for 4 h before harvest. β-Actin was used 
as a loading control. The asterisk indicates a nonspecific band. I, cell viability of MPI-KO HT1080 (#3) cells treated as in H, except that MG132 treatment was 
omitted. The colony area of siNC-transfected cells cultured in complete medium was set to 1. Data represent the mean ± SD; n = 3 independent ex-
periments. Each data point was obtained from the mean of three technical replicates. ****p < 0.0001, two-way ANOVA with post hoc Dunnett’s test. ISRIB, 
integrated stress response inhibitor; ns, not significant; PERK, protein kinase R–like endoplasmic reticulum kinase.
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lowering mannose pathway activity under glucose-deprived 
conditions severely suppressed N-glycosylation, leading to 
activation of prosurvival PERK–eIF2 signals. Although it is 
currently unknown whether lowering mannose pathway ac-
tivity in glucose-deprived cells has any metabolic benefits, it is 
tempting to speculate that low mannose pathway activity, in 
collaboration with PERK–eIF2 signals, may allow glucose-
deprived cells to efficiently decrease the metabolic costs of

N-glycosylation to the minimal levels required for cell survival. 
A link between MPI KO and the UPR activation was previously 
reported in acute myeloid leukemia (49). MPI-KO acute 
myeloid leukemia cells preferentially activated the ATF6 arm 
of the UPR, which inhibited fatty acid oxidation (49). In 
contrast, mannose-deprived MPI-KO HT1080 cells exhibited 
robust activation of all three arms of the UPR, with PERK 
activation proving indispensable for cell survival. However, the
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Figure 4. Mannose pathway activity governs dolichol-linked oligosaccharide (DLO) metabolism. A, quantification of the fully assembled DLOs 
(G3M9-PP-Dol) and total phosphorylated oligosaccharides (POSs) in MPI-KO HT1080 cells (#3) cultured in mannose deprivation medium (25 mM Glc and
0 μM Man) for the indicated periods. The amounts of glycans were normalized by the cell numbers counted at harvest. Data represent the mean ± SD; 
n = 3 independent experiments. B, quantification of POSs with different glycan structures produced in MPI-KO HT1080 (#3) cells cultured as in A. The 
amounts of glycans were normalized by the cell numbers. Data represent the mean ± SD; n = 3 independent experiments. C, quantification of G3M9-PP-
Dol, M9-PP-Dol, and total POSs in MPI-KO HT1080 cells cultured in glucose deprivation medium (0.5 mM Glc and 50 μM Man) for the indicated periods. The 
amounts of glycans were normalized by the cell numbers counted at harvest. Data represent the mean ± SD; n = 3 independent experiments. 
D, quantification of POSs with different glycan structures produced in MPI-KO HT1080 (#3) cells cultured as in C. The amounts of glycans were normalized 
by the cell numbers. Data represent the mean ± SD; n = 3 independent experiments. E, quantification of G3M9-PP-Dol and total POSs in MPI-rescued 
HT1080 cells cultured in glucose deprivation medium (0.5 mM Glc and 0 μM Man) for the indicated periods. The amounts of glycans were normalized by 
the cell numbers counted at harvest. Data represent the mean ± SD; n = 3 independent experiments. F, quantification of POSs with different glycan 
structures produced in MPI-rescued HT1080 cells cultured as in E. The amounts of glycans were normalized by the cell numbers. Data represent the 
mean ± SD; n = 3 independent experiments.
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Figure 5. Mannose pathway activity determines lysosome integrity for cell fate decisions. A, a schematic representation of the label-free shotgun 
glycoproteomics. MPI-KO HT1080 cells were cultured in complete (25 mM Glc and 50 μM Man) or mannose deprivation medium (25 mM Glc and 0 μM 
Man) for 24 h. After trypsin digestion of these cells, N-glycopeptides were enriched using Con A lectin- or the recombinant Polyporus squamosus (rPSL1a) 
lectin-conjugated beads. After removing N-glycans from glycopeptides using PNGase F, the de-N-glycosylated peptides were analyzed using LC–MS/MS 
(Table S1). Peptides that contained at least one potential N-glycosylation site and showed >2-fold increase in Man-deprived MPI-KO HT1080 cells were 
selected for Gene Ontology (GO) analysis. B, GO analysis of glycoproteome dataset obtained after enrichment with Con A lectin (left) and rPSL1a lectin 
(right) in A (Table S2). The top 20 GO terms are shown. C, Western blot analysis of MPI-KO HT1080 (#3) cells cultured in complete (25 mM Glc and 50 μM 
Man) or mannose deprivation medium (25 mM Glc and 0 μM Man) for 24 h. MPI-KO HT1080 (#3) were treated with 2 μg/ml tunicamycin (Tm) for 24 h to 
deduce the migration positions of nonglycosylated lysosome-associated membrane protein (LAMP1). Filled arrowhead and bar, fully glycosylated and 
hypoglycosylated LAMP1, respectively. β-Actin was used as a loading control. D, viability of MPI-KO HT1080 (#3) cells treated for 24 h with or without 
10 μM chloroquine (CQ) in complete (25 mM Glc and 50 μM Man) or mannose deprivation medium (25 mM Glc and 0 μM Man) containing 10% normal 
fetal bovine serum (FBS) (left) or 10% dialyzed FBS (right). The colony area of cells that were initially treated without CQ in the complete medium was set to 
1. Data represent the mean ± SD; n = 3 independent experiments. Each data point was obtained from the mean of three technical replicates. ***p < 0.001, 
two-way ANOVA with post hoc Dunnett’s test. ns, not significant. E, Western blot analysis of MPI-KO HT1080 (#3) cells treated as in D, except that the Tm-
treated cells were analyzed to deduce the migration position of nonglycosylated proteins. β-Actin was used as a loading control. F, Western blot analysis 
of MPI-KO HT1080 (#3) cells cultured for 24 h in the presence of varying concentrations of mannose in mannose deprivation medium (25 mM Glc and 
0–20 μM Man) supplemented with 10% dialyzed FBS. Tm (2 μg/ml) was used to deduce the migration positions of the nonglycosylated proteins. β-Actin 
was used as a loading control. G, viability of MPI-KO HT1080 (#3) cells cultured for 24 h with or without 10 μM CQ in complete (25 mM Glc and 50 μM Man) 
or mannose deprivation medium (25 mM Glc and 0–20 μM Man) containing 10% dialyzed FBS. The colony area of cells treated without CQ in complete 
medium containing 10% dialyzed FBS was set to 1. Data represent the mean ± SD; n = 3 independent experiments. Each data point was obtained from the 
mean of three technical replicates. ***p < 0.001 and ****p < 0.0001, ordinary one-way ANOVA with post hoc �Sídák’s test. Con A, concanavalin A; LC3B-II,
lipidated form of LC3B; ns, not significant.

Mannose checkpoint for cell fate decisions

J. Biol. Chem. (2026) 302(3) 111213 9



PERK-dependent cell survival was observed in three of four 
other MPI-KO cell lines, suggesting striking cell type–specific 
differences in how the UPR safeguards cellular homeostasis 
in response to perturbation of the mannose pathway. Notably, 
the N-terminal fragment of ATF6 exhibited a markedly shorter 
lifetime in mannose-deprived MPI-KO cells compared with 
glucose-deprived MPI-KO cells. The N-terminal fragment of 
ATF6 is known to be rapidly degraded by proteasomes (50). 
We therefore inhibited proteasomes with MG132 for 6 h 
before harvest to accumulate the ATF6 fragment (51). How-
ever, the fragment was not detected in the late stage of 
metabolic stresses in glucose-deprived MPI-rescued cells and 
mannose-deprived MPI-KO cells, suggesting that the ATF6 
fragment was produced only in the early stage of these meta-
bolic stresses. In contrast, the ATF6 fragment was relatively 
long lived when the glucose pathway was selectively down-
regulated in MPI-KO cells. This result raised the possibility 
that glucose pathway downregulation sustained production of 
the ATF6 fragment or inhibited its proteasomal degradation. 
Further studies are necessary to draw any meaningful con-
clusions on the mechanism underlying the distinct behaviors of 
the ATF6 fragments between glucose and mannose pathway 
downregulation.

The precise mechanism by which minimal N-glycosylation 
is maintained in the absence of sufficient GDP-mannose is 
unclear. It has been suggested that mannose can be derived 
from the degradation of mannose-containing glycoconjugates 
(15), which may contribute to minimal N-glycosylation. 
Alternatively, small amounts of immature DLOs, which evade 
premature degradation, were potentially directly used for 
N-glycosylation by oligosaccharyltransferases at a low effi-
ciency (52, 53). This assumption was supported by the fact 
that small amounts of abnormally short N-glycans were 
detected in the serum transferrin of patients with congenital 
disorders of glycosylation caused by mutations in the genes 
encoding DLO mannosyltransferases (54, 55). Moreover, 
small amounts of the fully assembled DLO were potentially 
produced even in the absence of sufficient GDP-mannose and 
were used for N-glycosylation. We found that the fully 
assembled DLO began to increase at 12 h after mannose 
deprivation in MPI-KO HT1080 cells. Although the precise 
mechanism behind this metabolic response is currently un-
known, the previous study has indicated that ER stress and 
UPR activation stimulate DLO biosynthesis (56). Notably, 
however, the DLO recovery was not observed in MPI-KO 
MEFs (14), indicating that this phenomenon may be cell type 
dependent and may not significantly contribute to N-glyco-
sylation, as this modification was not restored in the late stage 
of mannose pathway downregulation. Irrespective of mecha-
nisms involved in minimal N-glycosylation, low mannose 
pathway activity promoted cell survival under glucose-
deprived conditions. This finding supports the hypothesis 
that hypoglycosylation is beneficial for cell survival in glucose-
deprived cells.

Our findings demonstrated that low glucose pathway ac-
tivity under glucose-deprived conditions is a primary cause of 
cell death. Glucose deprivation causes energy stress, which

promotes metabolic adaptation by optimizing the balance 
between anabolic and catabolic reactions (33, 57–59). How-
ever, prolonged energy stress may cause cell death (60, 61). 
Although glucose deprivation reduces various nucleotide 
sugar pools (62), low glucose pathway activity in MPI-KO 
cells allowed the synthesis of Man 9 GlcNAc 2 -PP-dolichol, 
suggesting that UDP-GlcNAc levels were sufficient to initiate 
DLO biosynthesis. This observation was consistent with our 
previous finding, showing that glucose deprivation did not 
completely deplete UDP-GlcNAc in WT MEFs (14). However, 
low levels of UDP-GlcNAc may alter O-GlcNAc modification 
of proteins that are involved in cell survival and death 
(63–66). Moreover, glycosylation, which requires various 
nucleotide sugars, plays a crucial role in various processes 
leading to cell death (67). Further studies are necessary to 
elucidate the mechanisms by which low glucose pathway ac-
tivity induces adaptive response and cell death programs. 

The metabolic compartmentalization approach further 
revealed distinct roles of the glucose and mannose pathways 
in regulating translation. Under ER stress conditions, PERK 
plays a central role in inducing global translation arrest by 
phosphorylating eIF2α, which promotes the upstream open 
reading frame–mediated translation of ATF4 mRNA for the 
expression of adaptive and cell death–related genes (68–70). 
However, although low mannose pathway activity activated 
the PERK–eIF2 axis, phosphorylation of eIF2α was decoupled 
from translation arrest, which unexpectedly led to an increase 
in ATF4 levels without inducing global translation arrest. In 
contrast, glucose pathway activity determined global trans-
lation efficiency under glucose-deprived conditions. Although 
the underlying mechanism is currently unknown, it has been 
reported that global translation can be regulated by LKB1, a 
tumor suppressor STK11 gene product that directly activates 
AMPK under glucose-deprived conditions to suppress 
anabolic reactions (e.g., translation) (71). A two-phase control 
of ATF4 levels under glucose deprivation was identified. 
Lowering the activity of the mannose pathway induces rapid 
and transient ATF4 upregulation, whereas low glucose 
pathway activity increases ATF4 levels only in the late phase. 
Given the dual role of ATF4 in promoting cell survival and 
death under various stress conditions (21, 33, 72–74), tem-
poral regulation of ATF4 levels may play a role in determining 
cell fate at different phases of glucose deprivation. Further 
studies are necessary to elucidate the precise mechanisms by 
which alterations in sugar metabolism converge translational 
activity toward cell fate decisions.

The glycoproteomic analysis revealed lysosomes to be one 
of the GO terms associated with minimal N-glycosylation. 
Modification of lysosomal hydrolases with N-glycans that 
contain Man-6-P has an essential role for their trafficking to 
lysosomes via Man-6-P receptors (75–77). On the luminal 
surface of lysosomes, a protective glycocalyx is formed by 
abundant LAMPs to prevent undesired degradation of bio-
logical macromolecules by lysosomal hydrolases (78). More-
over, when lysosomes are damaged, the exposed luminal 
glycocalyx recruits cytosolic galectins to promote lysosomal 
repair and lysophagy (79). Despite a wealth of knowledge
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regarding the homeostatic functions of the lysosomal 
glycocalyx, little is known about its regulation by cellular 
metabolism. This study identified the critical thresholds for 
mannose pathway activity to maintain lysosomal integrity 
against a lysosomotropic agent. The mannose pathway was 
involved in the production of GDP-mannose, which serves as 
an essential sugar donor substrate for several types of glyco-
sylation, including N-glycosylation, protein O- and C-man-
nosylation, and glycosyl phosphatidylinositol–anchored 
protein biosynthesis. Although how these different types of 
glycosylation coordinate lysosomal integrity remains unclear, 
heavy N-glycosylation of LAMP1 and LAMP2, which are 
major components of the lysosomal glycocalyx (78), inhibits 
their proteolytic degradation in rodent cells (80). Thus, the 
degree of N-glycosylation, which is metabolically regulated by 
the mannose pathway activity, is likely a key determinant of 
lysosomal integrity, thereby biasing cell fate toward cell death 
under conditions of severe glucose deprivation. However, we 
cannot rule out the possibility that impaired lysosomal traf-
ficking of hydrolases contributes to lysosomal dysfunction. 
Moreover, although this study focused on lysosomes to 
elucidate the role of minimal N-glycosylation, GO analysis 
indicated significant enrichment in cell–cell adhesion. Further 
functional analysis of the minimal N-glycosylation in this 
pathway will provide insights into the maintenance or 
destabilization of cell adhesion by modulating N-glycosylation 
efficiency.

In conclusion, we demonstrated that low metabolic flux of 
glucose into the mannose pathway initiates alterations in ho-
meostasis of the ER and lysosomes, at least in part through 
N-glycosylation defects, leading to cell fate decisions. The 
context-dependent role of N-glycosylation may fulfill the 
spatial and temporal regulation of cell fate during different 
phases of glucose deprivation. This study also reveals a clear 
functional segregation between the glucose and mannose 
pathways in stress signaling pathways, which enables cells to 
fine-tune their responses to specific metabolic perturbations. 
Thus, exploiting a compartmentalization-based approach to 
dissect metabolic stress may provide valuable insights into how 
cells coordinate complex metabolic programs to regulate their 
fate under nutrient-limited conditions. However, not all MPI-
KO cell lines tested in this study reacted to sugar deprivation in 
the same manner. Thus, further studies are necessary to 
elucidate the mechanisms that determine cell fates during 
glucose deprivation, which might offer novel therapeutic 
strategies that target the tumor microenvironment.

Experimental procedures
Cell lines and culture conditions

Mouse fibrosarcoma cell MCA205 was provided by Dr S.A. 
Rosenberg (National Cancer Institute, Bethesda, MD). These 
cells were maintained in complete medium that contained 
Dulbecco’s modified Eagle’s medium (DMEM; 045-30285; 
FUJIFILM Wako Pure Chemical Corporation) supplemented 
with 10% FBS (10270-106; Gibco) and 4 mM glutamine (073-
05391; FUJIFILM Wako Pure Chemical Corporation) at 37 ◦ C

in a humidified 5% CO 2 atmosphere. HeLa cells were obtained 
from the RIKEN BioResource Research Center. MPI-KO 
HT1080 cells (clone #3 with the Puro R gene), MPI-rescued 
HT1080 cells, and MPI-KO HeLa cells were prepared as 
previously described (12). MPI-KO HT1080 (clones #1 and 6 
with the Blast R gene), MPI-KO MCA205 (clone #7 with the 
Puro R gene), and MPI-KO MDA-MB-231 cells (clone #1 with 
the Blast R gene) were established (see “Establishment of MPI-
KO cell lines” section). These cell lines were maintained in 
complete medium supplemented with 20 μM mannose (130-
00872; FUJIFILM Wako Pure Chemical Corporation) at 37 ◦ C 
in a humidified 5% CO 2 atmosphere. Immortalized MPI-KO 
MEFs were provided by Dr Hudson H. Freeze (15). All cell 
lines were tested for mycoplasma using the Takara PCR 
Mycoplasma Detection Set (6601; Takara Bio, Inc) and 
showed no contamination.

Experimental procedure details 

Establishment of MPI-KO cell lines

MPI gene KO was performed using CRISPR–Cas9 gene 
editing using the Edit-R system (Dharmacon). To prepare 
MPI-KO MCA205 cells (clone #7), the parental cell line was 
seeded in a 24-well plate at 1 × 10 5 cells/well and cultured for 
24 h in complete medium to reach 80% confluency. The cells 
were transfected in 400 μl of complete medium supplemented 
with 50 μM Man and a transfection mixture containing syn-
thetic CRISPR RNAs (SG-061948-01-0002 and SG-061948-
02-0002, Dharmacon: 10 μM, 2 μl each, Table 1) targeting 
mouse Mpi, transactivating CRISPR RNA (U-002005-05, 
Dharmacon; 10 μM, 4 μl), Edit-R mCMV_PuroR-Cas9 
Expression Plasmid DNA (U-005200-120, Dharmacon: 
100 ng/μl; 10 μl), 4 μl of P3000 reagent (2378914, Thermo 
Fisher Scientific), and 3 μl of Lipofectamine 3000 (2378914, 
Thermo Fisher Scientific) in 85 μl Opti-MEM (31985062, 
Thermo Fisher Scientific). To prepare MPI-KO HT1080 cells 
(clone #1 and #6) and MPI-KO MDA-MB-231 cells (clone #1), 
the parental cell lines were transfected as described above, 
except that synthetic CRISPR RNAs (CM-011729-01 and 
CM-011729-03, Dharmacon: 10 μM, 2 μl each, Table 1) tar-
geting the human MPI gene and Edit-R mCMV_BlastR-Cas9 
Expression Plasmid DNA (catalog no.: U-001000-120, Dhar-
macon: 100 ng/μl; 10 μl) were used for transfection. After a 
24 h incubation, cells were selected on complete medium 
containing 2 μg/ml puromycin for MCA205 (Ant-pr-1, 
InvivoGen) or 10 μg/ml blasticidin for HT1080 and MDA-
MB-231 (029-18701, FUJIFILM Wako Pure Chemical Cor-
poration) and 50 μM mannose for 7 days, followed by limiting 
dilution to obtain single clones. Candidate clones were 
selected by assessing mannose sensitivity, as described pre-
viously (12). MPI expression was confirmed by Western 
blotting using an anti-MPI antibody (1:5000 dilution; 
GTX103682; GeneTex).

Glucose and mannose deprivation

Cells (1 × 10 6 /100-mm dish) were seeded in complete 
DMEM (supplementing 50 μM mannose for MPI-KO cells).
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After 24 h preincubation at 37 ◦ C, cells were washed twice 
with 5 ml of Dulbecco’s PBS (045-29795, FUJIFILM Wako 
Pure Chemical Corporation). For glucose deprivation of WT 
or MPI-rescued cells, they were incubated for the indicated 
periods in no-glucose DMEM, supplemented with 10% dia-
lyzed FBS and 5 mM glucose (16806-25, Nacalai Tesque) or 
0.5 mM. For glucose deprivation of MPI-KO cells, they were 
cultured for the indicated periods in no-glucose DMEM 
supplemented with 10% dialyzed FBS (SH30079.02; Cytiva), 
50 μM mannose, and 0.5 mM glucose. For mannose depri-
vation of MPI-KO cells, they were cultured in complete me-
dium containing 10% normal FBS for the indicated periods. 
To assess lysosome integrity, MPI-KO cells were cultured in 
complete medium containing 10% dialyzed FBS and 0 to 
50 μM mannose for the indicated periods.

Cell treatments

Cells were treated with 2 or 5 μg/ml tunicamycin (038-
17971, FUJIFILM Wako Pure Chemical Corporation), 10 μM 
MG132 (139-18451, FUJIFILM Wako Pure Chemical Corpo-
ration), 100 nM GSK2656157 (S7033, Selleck Chemicals), 
0.5 μM Kira8 (E2652, Selleck Chemicals), 1 μM Ceapin-A7 
(SML2330, Sigma–Aldrich), and 100 nM ISRIB (S0706, Sell-
eck Chemicals) for 24 h. An equal volume of vehicle (dimethyl 
sulfoxide, 043-07216, FUJIFILM Wako Pure Chemical Cor-
poration) was used as a negative control. For the lysosome 
damage induction, cells were treated with 10 μM CQ (038-
17971, FUJIFILM Wako Pure Chemical Corporation) in 
complete medium with 10% normal or dialyzed FBS for the 
indicated periods.

Preparation of DLOs and POSs

The DLOs and POSs were prepared as previously described 
(81). Briefly, two identical dishes were prepared for each 
experimental condition: one dish was used for harvesting the 
cells, and the other dish was used for counting the cells. For 
cell counting, adherent and detached cells from the washing 
step were combined, mixed with an equal volume of trypan 
blue stain (0.4%; 15250-061, Gibco), and counted using a 
hemocytometer. For harvesting, cells were scraped in the 
culture medium and pelleted by centrifugation at 200g for

5 min at 4 ◦ C. The cell pellet was washed once with 5 ml of 
Dulbecco’s PBS and then lysed in 4 ml of 70% (v/v) ice-cold 
ethanol for 15 min at 0 ◦ C. The cell lysate was centrifuged 
at 10,000g for 10 min at 4 ◦ C and separated into a supernatant 
containing POSs and a pellet containing DLOs. To prepare 
POSs, the supernatant was evaporated to dryness using a 
Speed-Vac (VC-96N, TAITEC). The resulting pellet was dis-
solved in 1 ml of water and desalted using a PD MidiTrap 
G-25 column (28918008, Cytiva). μl of 1 M Tris–HCl (pH 7.4) 
was added to the desalted fraction (2 ml), and the pH-adjusted 
samples were loaded onto a Sep-Pak Accell Plus QMA col-
umn (WAT020545; Waters) to separate POSs from neutral 
materials. The column was washed twice with 5 ml of 10 mM 
Tris–HCl (pH 7.4), and the POSs were eluted with 5 ml of 
10 mM Tris–HCl (pH 7.4) containing 70 mM NaCl. The 
eluate was divided equally into two portions; one half was 
added to 5 μl of rAPid alkaline phosphatase (04898133001; 
Roche), whereas the other half was devoid of phosphatase. 
These two samples were incubated for 16 h at 37 ◦ C and 
desalted on an InertSep GC column (5010-68000, GL Sci-
ences). For DLO extraction, the cell pellet was extracted with 
70% (v/v) ethanol and washed twice with 2 ml of methanol, 
followed by 2 ml of chloroform/methanol (2:1, v/v). The 
washed pellets were dried under a N 2 stream, and the dried 
pellet was washed twice with 2 ml of methanol/water (1:1, v/v) 
containing 4 mM magnesium chloride. The DLOs were 
extracted twice with 2 ml of chloroform/methanol/water 
(10:10:3, v/v/v). Each extract was combined and evaporated to 
dryness using a Speed Vac. The dried DLOs were heated in
1 ml of 20 mM HCl in 50% (v/v) 2-propanol at 100 ◦ C for 
30 min to release glycans from DLOs. The released glycans 
were desalted using an InertSep GC column. For fluorescent 
labeling of glycans, the specimens were evaporated to dryness, 
and the pellets were incubated with 20 μl of 2-aminopyridine 
(PA; 011-14181, FUJIFILM Wako Pure Chemical Corpora-
tion) solution (55.2 mg dissolved in 200 ml of acetic acid) at 
80 ◦ C for 1 h. The reaction mixture was further incubated 
with 20 μl of dimethylamine–borane complex (026-08402, 
FUJIFILM Wako Pure Chemical Corporation) solution 
(200 mg dissolved in 100 ml of acetic acid) at 80 ◦ C for 1 h. To 
purify the PA-labeled glycans, the reaction mixture was mixed 
with 960 μl of acetonitrile and loaded on a MonoFas Spin

Table 1
List of oligonucleotides used in this study

Gene Type Sequence (5 ′ -3 ′ ) Source Identifier
Human XBP1 Primer FW: CCTTGTAGTTGAGAACCAGG This article N/A

Primer RV: GGGGCTTGGTATATATGTGG This article N/A
Human ACTB Primer FW: CACCATTGGCAATGAGCGGTTC This article N/A

Primer RV: AGGTCTTTGCGGATGTCCACGT This article N/A
Human MPI crRNA TGGCTCACCTCCTTTCAGGT Dharmacon CM-011729-01

crRNA TCTGTGAGATGCGGTTGTCA Dharmacon CM-011729-03
Mouse Mpi crRNA CTGGCTTGTGGTTGGCATCA Dharmacon SG-061948-01

crRNA AACAATATGGAGGACATTTA Dharmacon SG-061948-02
Human PERK siRNA GAAGCUACAUUGUCUAUUU Dharmacon D-004883-02
Human PERK siRNA UAGCAAAUCUUCUUCUGAA Dharmacon D-004883-05
Humn NRF2 siRNA GAGAAAGAAUUGCCUGUAA Dharmacon D-003755-01
Human NRF2 siRNA CCAAAGAGCAGUUCAAUGA Dharmacon D-003755-02
Human ATF4 siRNA GAUCAUUCCUUUAGUUUAG Dharmacon D-005125-01
Human ATF4 siRNA CAUGAUCCCUCAGUGCAUA Dharmacon D-005125-07

crRNA, CRISPR RNA; FW, forward; N/A, not available; RV, reverse.
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column (A00-1103, ANIMOS, Inc). The labeled glycans were 
eluted with 200 μl of water after washing the column twice 
with 700 μl of 95% (v/v) acetonitrile.

Size-fractionation HPLC and mass spectrometry

The PA-labeled glycans (the cell numbers that were used 
for analysis are indicated in the figure legends) were subjected 
to HPLC with an XBridge Glycan BEH Amide Column 
(130 Å, 3.5 μm, 2.1 mm × 150 mm [186007504, Waters]). The 
solvent system was as follows: solvent A, 100% acetonitrile 
(018-19853, FUJIFILM Wako Pure Chemical Corporation); 
solvent B, 0.4% formic acid (067-04531, FUJIFILM Wako Pure 
Chemical Corporation) in water adjusted to pH 4.4 with 
ammonia (02512-95, Nacalai Tesque). The binary gradient 
was set up with a solvent B percentage (B.Conc) of 22% (v/v) 
and a flow rate of 0.22 ml/min. The gradient program was set 
as follows (time, B.Conc, T.Flow): 0 to 60 min, 22% to 46% 
(v/v), 0.22 ml/min; 61 to 65 min, 46% to 80% (v/v), 
0.22 ml/min; 66 to 69 min, 80% (v/v), 0.15 ml/min; 70 to 
74 min, 80% to 22% (v/v), 0.22 ml/min; and 75 to 90 min, 22% 
(v/v), 0.22 ml/min. The fluorescence of the PA-labeled glycans 
was detected at an excitation/emission wavelength of 315/ 
400 nm. PA-labeled glucose oligomers (200 fmol; Takara Bio 
Inc.) were used as external standards to quantify the amount 
of PA-labeled glycans in the samples. Reference PA-labeled 
glycans (Table 2) were prepared from POSs and DLOs, frac-
tionated using HPLC, and subjected to mass spectrometry, as 
previously described (82). The source data are available upon 
request. Mass spectrometry was performed using an LTQ XL 
linear ion trap mass spectrometer with an HESI-II probe 
(Thermo Fisher Scientific) connected to an LC-20AD HPLC 
system (Shimadzu). The PA-labeled glycans (100 μl) were 
separated on an InertSustain AQ-C18 column (3 μm,
1 × 50 mm; GL Sciences, 5020-89872) at 30 ◦ C using the LC-
20AD HPLC system. Solvent A (5 mM acetic acid adjusted to 
pH 6.0 with triethylamine [Sigma–Aldrich]) and solvent B 
(50% acetonitrile) were used at a flow rate of 0.05 ml/min. The 
PA-labeled glycans were separated under the following 
gradient conditions (time, B.Conc): 0 to 2 min, 0% (v/v); 2 to
4 min, 0 to 100% (v/v); 4 to 6 min,100% (v/v); 6 to 6.5 min, 
100–0% (v/v); 6.5% to 18% (v/v). Mass spectrometry (for 
Man 0-7 GlcNAc 2 -PA, mass range: 400–2000 m/z; for Man 9-
GlcNAc 2 -PA, mass range: 1000–2200 m/z; for 
Glc 3 Man 9 GlcNAc 2 -PA, mass range: 1500–2700 m/z) was set

to the positive ion mode. The parameters were set as follows: 
spray voltage, 3 kV; ion source temperature, 250 ◦ C; ion 
transfer capillary temperature, 300 ◦ C; tube lens voltage, 
125 V; and sheath gas, 40 units. The mass of each PA-labeled 
glycan was assigned to a possible glycan structure. MS 2 was 
performed in a data-dependent manner. Base peak chro-
matograms and total ion chromatograms were analyzed using 
Xcalibur software (version 4.0; Thermo Fisher Scientific).

RNA extraction and reverse transcription

Total RNA was prepared using the RNeasy Mini Kit (74104, 
QIAGEN) according to the manufacturer’s instructions and 
used for reverse transcription using ReverTra Ace qPCR RT 
Master Mix with gDNA Remover (FSQ-301, TOYOBO). 
Briefly, total RNA (500 ng) was incubated with 2 μl of 4× DN 
Master Mix in an 8 μl reaction mixture for 5 min at 37 ◦ C. 
The reaction mixture was further incubated with 2 μl of 5× 
RT Master Mix II for 15 min at 37 ◦ C. The reaction was 
terminated by heating for 5 min at 98 ◦ C. The resulting 
complementary DNA was stored at −30 ◦ C until use.

PCR and restriction enzyme digestion

PCR was performed using complementary DNA (500 ng), 
Phusion High-Fidelity DNA Polymerase (M0530, New En-
gland Biolabs), and primers (Table 1) in a 20 μl reaction 
mixture according to the manufacturer’s instructions. To 
analyze XBP1 mRNA splicing, the PCR products were incu-
bated with or without PstI (15 U; 1073A, Takara Bio, Inc) for
2 h at 37 ◦ C in a 20 μl reaction mixture. The digests were 
separated on 2% agarose gel and visualized using the Chem-
iDoc MP Imaging system (Bio-Rad Laboratories).

Whole-cell lysate preparation

Cells were scraped in the culture medium and collected by 
centrifugation at 2000g for 2 min at 4 ◦ C. The cell pellet was 
washed once with 500 μl of PBS. Wet cell weight was 
measured after the supernatant was completely removed. The 
cell pellet was resuspended in PBS at a concentration of 10 mg 
wet cells/100 μl containing 1× protease inhibitor cocktail 
(PIC; 45-11836170001, Roche) and 1× phosphatase inhibitor 
cocktail (PhosSTOP; 04906837001, Roche). The suspension 
was added to an equal volume of 2× Laemmli sample buffer 
containing 1× PIC, 1× PhosSTOP, and 10% β-mercaptoe-
thanol (130-07521, FUJIFILM Wako Pure Chemical Corpo-
ration). Whole-cell lysates were sonicated thrice at 0 ◦ C for 
10 s each using a probe-type sonicator (VP-5S, TAITEC). The 
cell lysate was denatured by heating for 5 min at 100 ◦ C. To 
estimate the knockdown efficiency of ATF4 (Fig. 3H), cells 
were treated with 10 μM MG132 (139-18451, FUJIFILM 
Wako Pure Chemical Corporation) for 6 h before harvest and 
lysed as described above, except that 10 μM MG132 was 
added to PBS and 2× Laemmli sample buffer. Whole-cell ly-
sates were prepared as previously described for the detection 
of ATF6 cleavage (Figs. 2, C and F, S2, C and G) (51). Briefly, 
cells were treated with 10 μM MG132 for 6 h before harvest 
and lysed at a concentration of 10 mg wet cells/100 μl of 1×

Table 2
List of reference PA-labeled glycans used in this study

Monosaccharide
compositions

Proposed
structures

m/z ([M + H] + ,
calculated)

m/z ([M + H] + ,
observed)

HexNAc 2 -PA GlcNAc 2 503 503.39
Hex 1 HexNAc 2 -PA Man 1 GlcNAc 2 665 665.49
Hex 2 HexNAc 2 -PA Man 2 GlcNAc 2 827 827.53
Hex 3 HexNAc 2 -PA Man 3 GlcNAc 2 989 989.53
Hex 4 HexNAc 2 -PA Man 4 GlcNAc 2 1151 1151.60
Hex 5 HexNAc 2 -PA Man 5 GlcNAc 2 1313 1313.57
Hex 6 HexNAc 2 -PA Man 6 GlcNAc 2 1475 1475.75
Hex 7 HexNAc 2 -PA Man 7 GlcNAc 2 1637 1637.75
Hex 9 HexNAc 2 -PA Man 9 GlcNAc 2 1961 1961.49
Hex 12 HexNAc 2 -PA Glc 3 Man 9 GlcNAc 2 2448 2448.52
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Laemmli sample buffer containing 10 μM MG132 and 1× PIC 
but lacking the reducing reagent. After heating at 100 ◦ C for 
5 min, the lysate was sonicated for 5 s and centrifuged at 
14,000 rpm for 2 min. The resulting supernatant was mixed 
with one-tenth the volume of 1 M dithiothreitol (040-29223, 
FUJIFILM Wako Pure Chemical Corporation) and further 
incubated at 100 ◦ C for 5 min.

PNGase F digestion

Cell lysates (20 μl) in 1× Laemmli sample buffer were mixed 
with 1 μl of 20% (v/v) Triton X-100 and 1 μl of 1× PIC. The 
reaction mixture was incubated for 18 h at 37 ◦ C with or 
without 500 U of PNGase F from Flavobacterium meningo-
septicum (11365169001; Roche).

Western blotting

Cell lysates (0.5 mg of wet cells) were separated using so-
dium dodecyl sulfate-PAGE and transferred to polyvinylidene 
difluoride membranes. The primary antibodies were as fol-
lows: anti-MPI (1:5000 dilution, GTX103682, GeneTex), anti-
β-actin (1:10,000 dilution, 010-27841, FUJIFILM Wako Pure 
Chemical Corporation), anti-PERK (B-5) (1:2000 dilution, sc-
377400, Santa Cruz Biotechnology), anti-eIF2α (D-3) (1:5000 
dilution, sc-133132, Santa Cruz Biotechnology), anti-Phos-
pho-eIF2α (Ser51) (1:2000 dilution, 3398, Cell Signaling 
Technology), anti-ATF6α (1:1000 dilution, 73-500, Bio 
Academia), anti-integrin β1 (1:10,000 dilution, ab183666, 
Abcam), anti-LAMP1 (1:5000dilution, ab24170, Abcam), anti-
Phospho-AMPKα (Thr172) (40H9) (1:2000 dilution, 2535, 
Cell Signaling Technology), anti-AMPKα (D5A2) (1:5000 
dilution, 5831, Cell Signaling Technology), anti-ATF4 (B-3) 
(1:1000 dilution, sc390063, Santa Cruz Biotechnology), anti-
puromycin (1:1000 dilution, ZMS1016, Merck Millipore), 
anti-LC3B (4E12) (1:2000 dilution, M152-3, MBL Interna-
tional), and anti-NRF2 (D1Z9C) (1:2000 dilution, 12721, Cell 
Signaling Technology). The secondary antibodies used were 
horseradish peroxidase (HRP)–conjugated goat anti-mouse 
immunoglobulin G (1:10,000 dilution, 7076, Cell Signaling 
Technology) and HRP-conjugated goat anti-rabbit immuno-
globulin G (1:10,000 dilution, 7074, Cell Signaling Technol-
ogy). Visualization was performed using a chemiluminescent 
HRP substrate (WBKLS0500, Millipore) and an LAS 4000 
mini LuminoImage analyzer (FUJIFILM). For total protein 
staining, gels were stained with GelCode Blue Stain Reagent 
according to the manufacturer’s instructions (24590, Thermo 
Fisher Scientific). The source data are available upon request.

RNA interference

siRNAs used in this study are listed in Table 1. Cells 
(1.2 × 10 5 ) were seeded in a 60 mm dish with 5 ml of complete 
medium 24 h before transfection. Cells were transfected with 
10 pmol siRNA targeting human PERK (siPERK; D-004883-
02-0002, D-004883-05-0002, Dharmacon), human NFE2L2, 
which encodes NRF2 (siNRF2; D-003755-01-0002, D-003755-
02-0002, Dharmacon), human ATF4 (siATF4; D-005125-01-
0002, D-005125-07-0002, Dharmacon), or AllStars negative

control siRNA (SI03650318, QIAGEN) using 5 μl Lipofect-
amine RNAiMAX (13778075, Thermo Fisher Scientific) in 
500 μl Opti-MEM medium. After 24 h of transfection, cells 
were washed twice with PBS and incubated under the indi-
cated conditions.

Puromycin incorporation (SUnSET monitoring)

Cells were labeled with 5 μg/ml puromycin for 15 min at 
37 ◦ C before harvesting. Whole-cell lysates were prepared as 
described in the “Whole-cell lysate preparation” section and 
analyzed by Western blot using an antipuromycin antibody. 
To verify the specificity of the antibody, cells were treated 
with cycloheximide (10 μM, 037-20991, FUJIFILM Wako 
Pure Chemical Corporation) or an equal volume of dimethyl 
sulfoxide for 1 h before labeling with puromycin (79).

Colony formation assay

All cells were collected, counted, and serially diluted to a 
final concentration of 100 cells/ml in complete medium. Two 
hundred cells were seeded in a 6-well plate in complete me-
dium (including 50 μM Man for MPI-KO cells) and incubated 
for 9 days at 37 ◦ C. Cells were fixed in 500 μl of 4% para-
formaldehyde (162-16065; FUJIFILM Wako Pure Chemical 
Corporation) for 15 min at 25 ◦ C, washed twice with PBS, and 
stained for 10 min with 500 μl of 5 mg/ml crystal violet (038-
04862, FUJIFILM Wako Pure Chemical Corporation) in 
ethanol (057-00451, FUJIFILM Wako Pure Chemical Corpo-
ration). After washing thrice with 2 ml of water, the plates 
were air dried, and colonies were quantified using ImageJ 
software (version 1.53; https://imagej.nih.gov/ij/) (83).

Glycopeptide enrichment and LC–MS/MS analysis

Cells (approximately 1 × 10 7 ) were lysed in buffer con-
taining 7 M guanidine hydrochloride, 1 M Tris–HCl (pH 8.5), 
and 10 mM EDTA. The extracted proteins were reduced with 
50 mM dithiothreitol and subsequently alkylated with 
100 mM iodoacetamide for carbamidomethylation. The re-
action mixtures were purified using the PAGE Cleanup Kit 
(Nacalai Tesque), followed by overnight digestion at 37 ◦ C 
with tosylphenylalanyl chloromethyl ketone–treated trypsin 
(Worthington Biochemical Corporation). The digested pep-
tides were dried and dissolved in Tris-buffered saline (TBS; 
50 mM Tris–HCl, pH 7.4, 150 mM NaCl). Samples were 
applied to either Con A agarose (Seikagaku Corporation) or 
rPSL1a-LecBeads for Siaα(2–6)Gal recognition (Tokyo 
Chemical Industry Co, Ltd), both pre-equilibrated with TBS. 
The columns were sequentially washed with 10 column vol-
umes (CVs) of TBS, 10 CVs of TBS containing 0.5% Triton 
X-100, and finally 10 CVs of TBS alone. Glycopeptides were 
eluted using either 0.1% trifluoroacetic acid for rPSL1a-
LecBeads or TBS containing 0.5 M methyl-α-D-mannopyr-
anoside for Con A agarose. The eluted fractions were 
incubated overnight at 37 ◦ C with PNGase F (1 U, Sig-
ma–Aldrich) to release N-glycans. Desalting of the deglyco-
sylated peptides was performed using GL-Tip SDB (GL 
Sciences), and peptide concentrations were determined
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through amino acid composition analysis. Peptide samples 
from one biological replicate were normalized to equal con-
centrations and analyzed in technical triplicate using a 
nanoLC–MS/MS system consisting of an Orbitrap Exploris 
240 mass spectrometer (Thermo Fisher Scientific) coupled 
with a Vanquish Neo UHPLC system (Thermo Fisher Scien-
tific). Solvent A consisted of 0.1% formic acid in water, and 
solvent B consisted of 0.1% formic acid in 80% acetonitrile. 
Peptides were separated using a nanoelectrospray ionization 
spray column (NTCC-360, 0.075 mm i.d., 150 mm length,
3 μm particle size; Nikkyo Technos Co, Ltd) at a flow rate of 
200 nl/min under the following gradient conditions: 0 to
2 min, 0 to 5% B; 2 to 60 min, 5 to 21% B; 60 to 82 min, 21 to 
31% B; and 82 to 95 min, 31 to 44% B. The mass spectrometer 
was operated in positive ion mode using the data-dependent 
acquisition method, selecting the top 20 most intense pre-
cursor ions for fragmentation (top 20). Full MS scans were 
acquired over an m/z range of 300 to 2000 at a resolution of 
60,000. Dynamic exclusion was enabled with exclusion after 
three occurrences, an exclusion duration of 120 s, and a mass 
tolerance of ±5 ppm. MS/MS spectra were acquired at a 
resolution of 15,000 using higher-energy collisional dissocia-
tion with a normalized collision energy of 30%.

The acquired data were processed using the MASCOT 
search engine (version 2.8; Matrix Science) and the Proteome 
Discoverer software (version 3.0; Thermo Fisher Scientific). 
Proteins were identified using the following parameters: data-
base, SwissProt (Homo sapiens), enzymes, trypsin, and fixed 
modifications; carbamidomethyl (C); variable modifications, 
acetyl (protein N-term), oxidation (M), Pyro-glu from Q 
(N-term Q), and deamidation (N); mass values, monoisotopic; 
peptide mass tolerance, 15 ppm; fragment mass tolerance, ± 30 
mmu; maximum missed cleavages, 3; and instrument type, 
ESI-TRAP. Label-free quantification was performed using 
Proteome Discoverer. De-N-glycosylated peptides that showed 
more than a twofold increase compared with nontreated 
peptides were selected, and those that had at least one po-
tential N-glycosylation site and showed a twofold increase in 
Man-deprived cultures compared with Man-supplemented 
cultures were subjected to GO analysis using Metascape 
(https://metascape.org) (Fig. 5B, Table S2) (84).

Quantification and statistical analysis 

Quantification

For Western blotting, band intensity was quantified using 
ImageJ. For HPLC analysis, the area of each peak was measured 
using Shimadzu LCSolutions Version 1.25 SP5 to quantify 
POSs and DLOs. The amount of analyzed PA-labeled glycans 
(Q) was calculated using the equation Q (pmol) = A sample × 2 
(pmol)/A Std , where A sample represents the area of the sample, 
A Std represents the area of the PA-Glc hexamer, and 2 (pmol) is 
the amount of the PA-labeled Glc hexamer subjected to size-
fractionation HPLC. The amount of the total PA-labeled gly-
cans (Q Total ) was calculated using the following equation: Q Total 
(pmol) = Q (pmol) × 200 (μL, the total sample volume)/V

(μL, the analyzed sample volume). The results were normalized 
to cell number using the following equation: Q Normalized (pmol/
1 × 10 6 cells) = Q Total (pmol)/Z ( × 10 6 cells), where Z is the 
number of cells used for DLO and POS extraction. Individual 
chromatograms were exported in ASCII format and plotted 
using Plot2 Pro, version 2.7.3 (https://plotdoc.micw.org/). To 
analyze cell viability using the colony formation assay, the area 
of colonies containing over 50 cells was measured using ImageJ, 
and cell viability was expressed as the fold change in the treated 
groups relative to the control group.

Statistical analysis

Statistical analysis was performed based on three inde-
pendent biological replicates for the POS and DLO analyses of 
mannose-deprived MPI-KO HT1080 and glucose-deprived 
MPI-rescued HT1080 cells. For mannose deprivation, 
glucose deprivation, and PERK inhibition in HT1080 cells, 
colony formation assay results were obtained from three 
technical replicates for each experiment, and statistical anal-
ysis was performed based on three biological replicates. For 
the remaining colony formation assays, results and statistical 
analyses were performed based on three technical replicates. 
Prism 10 (version 10.2.3) was used for statistical analyses. An 
unpaired t test was used to compare mean values between the 
two groups. Two-way ANOVA was used to compare the 
means among three or more independent groups or between 
two independent variables. Data are expressed as mean ± SD. 
A p value of <0.05 was considered significant.

Data availability
The mass spectrometry proteomics data have been depos-

ited in the ProteomeXchange Consortium via the PRIDE (85) 
partner repository with the dataset identifier PXD066382 
(Token: iffTbI8wmoiI). The data that support the findings of 
this study are available from the corresponding author, 
[Y. H.], upon reasonable request.
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