
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2022) 79:352 
https://doi.org/10.1007/s00018-022-04365-4

ORIGINAL ARTICLE

Inhibition of ALG3 stimulates cancer cell immunogenic ferroptosis 
to potentiate immunotherapy

Pei Liu1 · Cha Lin1 · Zheyu Liu1 · Chenchen Zhu1 · Zhongda Lin1 · Dan Xu1 · Jian Chen1 · Qian Huang2 · 
Chuan‑Yuan Li3 · Linlin Hou1 · Ji‑An Pan1 · Xinjian Liu1 

Received: 21 January 2022 / Revised: 27 April 2022 / Accepted: 10 May 2022 / Published online: 8 June 2022 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract
Immune checkpoint blockade therapy has drastically improved the prognosis of certain advanced-stage cancers. However, 
low response rates and immune-related adverse events remain important limitations. Here, we report that inhibiting ALG3, 
an a-1,3-mannosyltransferase involved in protein glycosylation in the endoplasmic reticulum (ER), can boost the response of 
tumors to immune checkpoint blockade therapy. Deleting N-linked glycosylation gene ALG3 in mouse cancer cells substan-
tially attenuates their growth in mice in a manner depending on cytotoxic T cells. Furthermore, ALG3 inhibition or N-linked 
glycosylation inhibitor tunicamycin treatment synergizes with anti-PD1 therapy in suppressing tumor growth in mouse models 
of cancer. Mechanistically, we found that inhibiting ALG3 induced deficiencies of post-translational N-linked glycosylation 
modification and led to excessive lipid accumulation through sterol-regulated element-binding protein (SREBP1)-dependent 
lipogenesis in cancer cells. N-linked glycosylation deficiency-mediated lipid hyperperoxidation induced immunogenic fer-
roptosis of cancer cells and promoted a pro-inflammatory microenvironment, which boosted anti-tumor immune responses. 
In human subjects with cancer, elevated levels of ALG3 expression in tumor tissues are associated with poor patient sur-
vival. Taken together, we reveal an unappreciated role of ALG3 in regulating tumor immunogenicity and propose a potential 
therapeutic strategy for enhancing cancer immunotherapy.
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Introduction

Glycosylation is a ubiquitous post-translational modifica-
tion in eukaryotes [1, 2], which starts in the endoplasmic 
reticulum (ER) and requires activated dolichol precursors 
for the initial steps. Alpha 1,3-mannosyltransferase (ALG3) 
catalyzes the first Dol-P-Man-dependent mannosylation 
step, which is critical for lipid-linked oligosaccharides and 

protein N-linked glycosylation, at the luminal side of the ER 
[3, 4]. Previous studies indicated that glycosylation altera-
tion of individual protein might affect cancer progression 
and metastasis [5, 6]. However, the mechanism of cellular 
level alternations of N-linked glycosylation, typically ALG3 
defects in cancer immunity, remains elusive.

Glycosylation alterations lead to the accumulation of 
unfolded or misfolded protein in ER, and subsequently trig-
gering an adaptive stress response known as unfolded pro-
tein response (UPR-ER) to preserve ER homeostasis [7–9]. 
Tunicamycin (TM), an inhibitor of N-linked glycosylation, 
disrupts protein maturation by blocking the transmission of 
UDP-N-acetylglucosamine to dolichol phosphate in the ER 
of eukaryotic cells [10].

ER stress increases lipogenesis by the upregulation of 
genes involved in lipid metabolism [9, 11]. N-linked gly-
cosylation is required for lipid homeostasis, peroxisome 
biogenesis. For example, N-linked glycosylation of sterol-
regulated element-binding protein (SREBP1) cleavage-acti-
vating protein (SCAP) is essential for SREBP1 activation, 
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which is a transcription factor that regulates de novo fatty 
acid synthesis and polyunsaturated fatty acids (PUFAs) pro-
duction in mammals [12]. Excessive accumulation of lipid 
and their intermediate products cause lipotoxicity, leading 
to cell death [13].

Ferroptosis is an iron-dependent programmed cell death 
characterized by the accumulation of iron-dependent lethal 
lipid peroxides [14]. System cystine/glutamate antiporter 
(system xCT) imports cystine and provides cysteine for the 
biosynthesis of glutathione (GSH) [15], which is essential 
for glutathione peroxidase 4 (GPX4) [16, 17]. By interacting 
with lipids, reactive oxygen species (ROS) also accumulated 
through a feedback loop initiated by the peroxidation of fatty 
acids. Once the system xCT/GSH/GPX4 axis is inhibited, 
a lethal amount of lipid peroxide is accumulated and acti-
vated the process of ferroptosis. The interaction of lipid 
metabolism and ferroptosis modulates cancer initiation [18], 
development, metastasis, therapy resistance, as well as can-
cer immunity [19–21]. IFNγ secreted by activated CD8+ T 
cells promotes ferroptosis of cancer cells, and the ferroptotic 
cancer cells release lipid metabolites and the high mobility 
group box 1 (HMGB1) to mediate antitumor immunity [22].

Here, we show that genetic depletion of ALG3 and phar-
maceutical inhibition of N-linked glycosylation in murine 
cancer cells substantially attenuate their growth in mice 
in a cytotoxic T cell-dependent manner and promote the 
efficiency of immune checkpoint blockade therapy. Fur-
thermore, we implicate a previously unappreciated mecha-
nism that ALG3-defect induces ER stress and lipogenesis 
through SREBP1 activation in cancer cells, which induces 
immunogenic ferroptosis of cancer cells and promotes a 
pro-inflammatory microenvironment to boost anti-tumor 
immune response.

Results

ALG3 is identified to play critical roles in human 
and mouse tumor growth

To identify critical N-linked glycosylation genes in can-
cers, we first obtained the intersection of glycosylation 
genes (163 genes) between two published glycosylation-
related gene lists (Table S1). One was defined by Gene-
Cards (https://​www.​genec​ards.​org) according to relevance 
score (relevance score > 1), and the other was screened 
out from N-linked glycosylation inhibitor tunicamycin-
treated cells [23]. After querying the expression of these 
intersected genes in multiple tumor samples including 
skin cutaneous melanoma (SKCM), kidney renal clear 
cell carcinoma (KIRC), liver hepatocellular carcinoma 
(LIHC) and low-grade glioma (LGG) from the Cancer 
Genome Atlas (TCGA), a 137-gene panel was coherently 

established to represent well-defined N-linked glycosyla-
tion processes (Fig. 1a, Table S1). The expression of these 
137 genes in SKCM, KIRC, LIHC and LGG were shown 
in Supplementary Fig. 1a. We then performed univariate 
Cox regression analysis [24] to confirm the association 
of the 137-gene panel with patient prognostic value. As 
shown in Fig. 1b, the survival contribution of individual 
genes in different cancer types was variable. Some genes 
in the 137-gene panel, which significantly contributed to 
the prognosis of the patients in each cancer cohort, were 
defined as core genes (Table S2) for calculating N-linked 
glycosylation risk score (G-score). Although there was 
large difference of glycosylation-related core genes from 
one cancer type to another (Table S2), it might reflect the 
critical function of post-translational glycosylation modi-
fication to tumor heterogeneity.

Patients from different cancer types were arrayed 
respectively based on risk scores and categorized into 
high- and low-risk groups (Supplementary Fig. 1b). Those 
patients with a higher N-linked glycosylation risk score 
(G-score) showed a significantly worse overall survival 
(Supplementary Fig. 1c–f). Interestingly, the N-linked 
glycosylation core gene list in different cancer types was 
variable (Table S2), and two genes (ALG3 and TMEM147) 
were intersected and highlighted in the tested four can-
cer types (Fig. 1c). Of note, ALG3, a lumenal manno-
syltransferases for N-linked glycosylation was expressed 
in a higher level in tumor tissues than in normal tissues 
(Supplementary Fig. 1g; Table S3), suggesting that ALG3 
may be a critical regulator for tumor growth in multiple 
cancer types.

To investigate the potential role of ALG3 in tumor 
growth, we first generated ALG3 knockout human and 
mouse malignancy cell lines (Supplementary Fig. 1h, i). 
ALG3 depletion significantly suppresses N-linked glyco-
sylation in these cell lines as expected (Supplementary 
Fig. 1j, k), with no significantly effect on cell prolifera-
tion in vitro (Supplementary Fig. 1l). We then carried 
out tumor-growth-delay experiments in syngeneic mice 
inoculated with ALG3-deficient Renca, MC38, B16 and 
4T1 tumor cells (Supplementary Fig. 1h, i, m, n). ALG3-
deficiency significantly attenuated their abilities to form 
tumors and prolonged the survival of syngeneic hosts in 
comparison with those of vector controls. When compared 
with vector control, knocking out ALG3 significantly 
attenuated tumor growth and prolonged the survival of 
host mice in four mouse models (Fig. 1d–k). The results 
of ALG3 depletion mediated suppression of tumor growth 
in mice models were consistent with those of N-linked 
glycosylation score (G score) predicting overall survival of 
tumor patients. Our data demonstrated that the level of cel-
lular N-linked glycosylation could be a prognosis marker 
for cancers, and ALG3 might be a novel therapeutic target.

https://www.genecards.org
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ALG3 depletion causes excessive lipids 
accumulation through ER stress‑mediated SREBP1 
activation

We performed Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis of the intersection genes (163 
genes) between two glycosylation-related gene lists. We 
found the enrichment of signaling pathways including 
metabolism of protein, asparagine N-linked glycosylation 
and immune system (Supplementary Fig. 2a). Then we tried 
to investigate the role of ALG3 on cell metabolism by use of 
LC–MS/MS-based untargeted metabolomic method (BGI-
Shenzhen). As shown in Fig. 2a, the overall metabolic pro-
file of ALG3-deficient cells was significantly different from 

that of vector control cells. Of the 1376 tested metabolites, 
there were 153 upregulated and 71 downregulated in ALG3-
deficient cells by comparison with those of vector control 
cells (Fig. 2b). The untargeted metabolomics analysis dem-
onstrated that knocking out ALG3 significantly influenced 
the metabolism of cancer cells (Supplementary Fig. 2b).

KEGG pathway analysis further indicated that the 
upregulated metabolites of ALG3 knockout cells were 
largely involved in the pathways, such as unsaturated fatty 
acid biosynthesis, glycolysis or gluconeogenesis (Fig. 2c). 
We then individually examined the expression of SREBP1, 
a transcription factor that regulates cellular fatty acid 
metabolism and glycolysis in mammals [25]. Furthermore, 
we generated ALG3 knockout MDA-MB-231 cell lines 

(a) (b)

(d) (e) (f) (g)

(h) (i) (j) (k)(c)

Fig. 1   ALG3 plays critical roles in human and mouse cancer growth. 
a Flowchart of identification N-linked glycosylation core gene-
related risk score (G score) by use of public TCGA cohorts. Genes 
were listed in Table  S1. b Volcano plots showing the calculated 
Cox regression models between each of 137  N-linked glycosylation 
gene expression and overall survival (OS) in TCGA SKCM, KIRC, 
LIHC, and LGG data set. Z = coeff/(se(coeff)), The red dots mean 
genes expression related to decreased survival and blue ones mean 
genes related to increased survival, while gray ones mean genes 
have no significant relationship with survival. c Venn diagram plot-
ter showing the increased survival factors in tested four types of 

cancer. ALG3 and TMEM147 were intersected in tested four types 
of cancer. Tumor growth curve (d) and host mice survival (e) of 
ALG3-KO or Ctrl. Renca kidney adenocarcinoma cell line in Balb/c 
mice. Tumor growth curve (f) and host mice survival (g) of ALG3-
KO or Ctrl. MC38 colon adenocarcinoma cell line in C57BL/6 mice. 
Tumor growth curve (h) and host mice survival (i) of ALG3-KO or 
Ctrl. B16F10 melanoma cell line in C57BL/6 mice. Tumor growth 
curve (j) and host mice survival (k) of ALG3-KO or Ctrl. 4T1 breast 
cancer cell line in Balb/c mice. Error bars represent mean ± SEM. 
**p < 0.01, ***p < 0.001. p values by two-way analysis of variance 
(ANOVA) in d, f, h, j and log-rank test in e, g, i, k 
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(Supplementary Fig. 2c, d). The expression of other fatty 
acid synthase genes in ALG3-deficient MDA-MB-231 
tumor cells was measured by quantitative real-time PCR 
(qRT-PCR). Our data showed that the expression levels 

of fatty acid synthase related genes (SREBP1, SCAP, 
ERLIN2, FASN and ACAT2) were significantly evalu-
ated in both mouse and human ALG3-deficient tumor 
cells compared with those of vector control (Fig.  2d; 

(a) (b)

(d) (e) (f)

(g) (h) (i) (k)

(j) (l)

(c)
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Supplementary Fig. 2e). Western blotting analysis also 
showed the increase of SREBP1 in ALG3-deficient cancer 
cells (Supplementary Fig. 2f, g) and tunicamycin-treated 
cells (Supplementary Fig. 2h, i). We further confirmed 
the expression of SREBP1 in tumor tissue by immuno-
histochemistry staining. The immunohistochemistry stain-
ing for cell proliferation marker Ki67 revealed that B16 
vector control tumors were more aggressive than ALG3-
deficient B16 tumors (Fig. 2e, low panel; Fig. 2f, right 
panel). Compared with B16 vector control tumors, ALG3-
deficient B16 tumors were characterized with higher lev-
els of SREBP1expression (Fig. 2e, top panel; Fig. 2f, left 
panel). Our results indicated that inhibiting N-linked gly-
cosylation key factor ALG3 activity significantly accumu-
lated SREBP1 in cancer cells to affect cellular fatty acid 
metabolism.

Next, we tried to investigate the role of SREBP1 inhibi-
tion in ALG3-competent and ALG3-deficient cancer cells. 
Inhibiting SREBP1 activity by using PF-429242 dihydro-
chloride, a competitive inhibitor of SREBP site 1 protease 
[26], significantly reduced the expression of key genes 
involved in fatty acid synthesis both in ALG3-competent 
cells and ALG3-deficient cells (Supplementary Fig. 2j). 
Similarly, knocking down SREBP1 expression in ALG3-
deficient cells (Supplementary Fig. 2k, l) also significantly 
decreased the expression of fatty acid synthesis related 
genes (Supplementary Fig. 2m). Knocking down SREBP1 in 
ALG3-deficient cancer cells significantly accelerated tumor 
growth and shortened the survival of host mice (Fig. 2g, 
h), which was opposite to the role of SREBP1 in ALG3-
competent cancer cells of our study (Supplementary Fig. 2n, 
o) and previous study [27]. The opposite tumor growth role 

of SREBP1 in ALG3-competent and ALG3-deficient cancer 
cells may ascribe to the function of lipid metabolism homeo-
stasis in cancer cells.

N-linked glycosylation of nascent proteins by the oligo-
saccharyltransferase plays a central role in ER homeostasis 
due to the use of protein-linked oligosaccharides as rec-
ognition and timing markers for glycoprotein quality con-
trol pathways [7]. Defects in the dolichol oligosaccharide 
assembly pathway or mutations in oligosaccharyltransferase 
subunits cause ER stress by the accumulation of unfolded 
proteins [8]. ALG3 is a mannosyltransferase in the lumen 
of ER to convert Man(5)GlcNAc(2)-Dol-PP to Man(6)
GlcNAc(2)-Dol-PP [28]. Knocking out ALG3 dramatically 
decreased the N-linked glycosylation in ALG3-deficient 
cells (Supplementary Fig. 1j) and led to the activation of 
ER stress-associated proteins including XBP1, ATF4, ATF6 
and EIF2a (Supplementary Fig. 2p). ER stress could pro-
mote SREBP1 activation and thus contribute to lipogen-
esis [29]. Tauroursodeoxycholic acid (TUDCA), a classic 
inhibitor of ER stress [30] significantly reduced SREBP1 
expression in ALG3-deficient cells (Fig. 2i, j) as well as 
tunicamycin-treated cells (Fig. 2k, l). Our data demonstrated 
that defects of N-linked glycosylation, especially attenuated 
ALG3 expression in cancer cells induced ER stress to drive 
lipogenesis through regulating SREBP1 expression.

ALG3 depletion induces ferroptosis

Differential metabolites analyses between control and 
ALG3-deficient cells indicated that ALG3 deficiency sig-
nificantly decreased the level of reduced glutathione (GSH) 
and increased the production of various unsaturated fatty 
acids (PUFAs, Supplementary Fig. 3a). The intracellular 
levels of GSH were confirmed in both mouse and human 
ALG3-deficient cancer cells by using GSH and GSSG assay 
kit (Beyotime). In consistent with the results of untargeted 
metabolic analyses, the intracellular levels of GSH signifi-
cantly decreased in ALG3-deficient cells when compared 
with those in control cells (Fig. 3a, b). The PUFAs convert 
into reactive free radicals after reacting with the free radicals 
[31]. High levels of PUFAs in ALG3-deficient cells were 
susceptible to producing excessive reactive oxygen species 
(ROS, Fig. 3c, d) and led to the accumulation of malondi-
aldehyde (MDA, Fig. 3e), which is one of the final prod-
ucts of polyunsaturated fatty acids peroxidation, in tumor 
tissues. The characteristics of cells with intercellular GSH 
starvation, accumulation of polyunsaturated fatty acids, 
ROS and MDA suggested one form of non-apoptotic cell 
death [32], namely, ferroptosis, occurring in ALG3-deficient 
cells. KEGG pathway analysis on differential metabolites 
also showed that ferroptosis was significantly enriched in 
ALG3-deficient cancer cells (Supplementary Fig. 3b). Fer-
roptosis is precisely regulated at multiple levels, including 

Fig. 2   Deletion of ALG3 affects lipid metabolism in cancer cells. a 
Principal-component analysis (PCA) of metabolite profiling of vec-
tor control (Ctrl.) and ALG3-KO B16 cells. n = 6 samples per group. 
b Heat-map and hierarchical cluster analysis of the upregulated and 
downregulated metabolites in ALG3-KO B16 cells by compari-
son with those of vector control. n = 6 samples per group. c KEGG 
pathway analysis of metabolites upregulated in ALG3-KO B16 cells. 
d mRNA expression of lipid metabolism related genes in Ctrl. and 
ALG3-KO B16 cells. e IHC showed dark brown positive staining for 
SREBP1 and Ki67 in Ctrl. and ALG3-KO B16 tumors on 11  days 
after inoculation.  Scale bars = 200  µm. f Quantitative analysis of 
Immunohistochemical staining of e. Data were collected from 5 ran-
dom fields of for each of the 5 tumor samples and present ± SEM. 
Tumor growth curve (g) and host mice survival (h) of ALG3-KO or 
SREBP1-ALG3 DKO B16 cancer cells in C57BL/6 mice. Error bars 
represent mean ± SEM. n = 5 tumors per group. i Western blot anal-
ysis of SREBP1 in control cells and ALG3-KO 786-O cells treated 
with 1 μM TUDCA for 24 h. j Quantification analysis of i. k Western 
blot analysis of SREBP1 in 786-O cells treated with 1  μg/ml Tuni-
camycin (TM) or 1  μM TUDCA for 24  h. l Quantification analysis 
of k. Quantification data as means ± SEM, p values by unpaired two-
sided t test in d, f and two-way ANOVA in g and log-rank test in h. 
*p < 0.05, **p ≤ 0.01, ***p ≤ 0.001. Data are representative of at least 
two to three independent experiments

◂



	 P. Liu et al.

1 3

352  Page 6 of 18

epigenetic, transcriptional, posttranscriptional and post-
translational levels [22]. Inhibiting cell membrane amino 
acid antiporter xCT (encoded by SLC7A11) reduces cystine 
uptake to decrease its intracellular conversion to cysteine, 

the rate-limiting amino acid for biosynthesis of GSH, lead-
ing to impaired function of glutathione peroxidase 4 (GPX4), 
and subsequent propagation of lipid peroxidation to medi-
ate ferroptosis. Transcription factor NFE2L2 (Nrf2) plays 

(a)

(h)

(l) (m) (n) (o)

(i) (k)(j)

(b) (c) (d) (e) (f) (g)

Fig. 3   ALG3 depletion induces ferroptosis. a, b ALG3 knockout sig-
nificantly deceases the level of reduced glutathione (GSH) in ALG3-
KO B16 (a) and 786-O (b) cells. c, d Flow-cytometry estimates ROS 
levels of subcutaneously grown vector control and ALG3-KO B16 
tumors. e Level of malondialdehyde (MDA) in vector control and 
ALG3-KO B16 tumor tissues. f, i Western blot analysis of the expres-
sion of ferroptosis-related proteins in vector control, ALG3-KO (f, 
g) and Tunicamycin (TM)-treated 786-O cells (h, i). j IHC showed 
dark brown positive staining for GPX4 and Nrf2 in vector con-
trol and ALG3-KO B16 tumors on 11  days after inoculation.  Scale 
bars = 200  µm. k Quantitative analysis of immunohistochemistry 

staining for j. Data were collected from 5 random fields of each of the 
5 tumor samples and present mean ± SEM. p values were determined 
by unpaired two-sided t test. l Western blot analysis of the expres-
sion of ferroptosis-related proteins in ferroptosis inhibitor, ferrosta-
tin-1 (Ferr-1)-treated ALG3-KO B16 cells. m Quantitative analysis 
of western blots for l. Levels of GSH (n) and ROS (o) in ferrosta-
tin-1 (Ferr-1)-treated ALG3-KO B16 cells. Data in a, b, d, e, g, i, k, 
m–o present mean ± SEM; n = 2 biological replicates for g, i, m; n = 3 
biological replicates for a, b, n, o; n = 4 biological replicates for d, 
e; p values were determined by unpaired two-sided t test. *p < 0.05, 
**p < 0.01, ***p < 0.001
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a central role in upregulating anti-ferroptotic defense [17]. 
The expression of these three key regulators of ferroptosis 
were examined in ALG3-deficient cancer cells and tunica-
mycin-treated cells. Western blotting and qRT-PCR analy-
ses showed that both deletion of ALG3 and tunicamycin 
treatment significantly reduced the expression of SLC7A11, 
GPX4 and Nrf2 in cancer cells (Fig. 3f–i) and tumor tissues 
(Supplementary Fig. 3c). Furthermore, immunohistochem-
istry staining analysis indicated that the expression of GPX4 
and Nrf2 significantly decreased in ALG3-deficient tumors 
(Fig. 3j, k). Moreover, a ferroptosis inhibitor, Ferrostatin-1 
(Ferr-1) rescued ALG3-deficiency-mediated attenuation of 
SLC7A11, GPX4 and Nrf2 expression (Fig. 3l, m), and GSH 
content in cancer cells (Fig. 3n; Supplementary Fig. 3d). 
Ferrostatin-1, a lipid ROS scavenger [33], significantly 
decreased ROS accumulation induced by ALG3 deficiency 
in cancer cells (Fig. 3o; Supplementary Fig. 3e). Our data 
demonstrated that ALG3 depletion induced the activation of 
ferroptotic cell death signaling in cancer cells.

ALG3 depletion promotes intratumoral T‑cell 
infiltration and synergizes with immunotherapy

Previous studies suggested that bursting ferroptotic cells 
release pro-inflammatory damage-associated molecular 
patterns (DAMPs) that trigger the innate immune system 
[34]. We first analyzed public RNA sequencing data from 
NCBI Gene Expression Omnibus (Accession Number: 
GSE128392) and evaluated correlations between ferropto-
sis and immune gene expression profiles [35]. Interestingly, 
a pro-inflammatory cytokine, interferon-gamma (IFNγ)-
treated cells had lower expression levels of ALG3 as well 
as ferroptotic regulators (SLC3A2 and SLC7A11) when 
compared with control cells (Fig. 4a). Knocking out ALG3 
in Renca cancer cells significantly upregulated the expres-
sion of IFNγ cytokine (Fig. 4b) and interferon-related genes 
(Supplementary Fig. 4a, b). IFNγ treatment activated inter-
feron signaling pathway and stimulated MHC class I expres-
sion, antigen presentation on cells (Fig. 4a). We then exam-
ined MHC I (H-2Kd/H-2Dd) expression on the surface of 
ALG3-deficient Renca cells with IFNγ upregulation. Flow 
cytometry analysis showed that knocking out ALG3 signifi-
cantly increased the MHC I (H-2Kd/H-2Dd) expression on 
IFNγ-upregulated ALG3-deficient Renca cells (Fig. 4c). A 
type I ferroptosis activator erastin, which selectively inhib-
its xCT transporter, also stimulated MHC I expression in 
Renca cells. However, RSL3, a type II ferroptosis activator 
that directly inhibiting GPX4, showed no effect on MHC I 
expression (Fig. 4c). Our results demonstrated that ferrop-
totic signal SLC7A11 but not GPX4 might be involved in 
elevating MHC I expression on ALG3-deficient cancer cells.

We further examined the effect of ALG3 knockout on 
MHC I (H-2Kb/H-2Db) expression on the surface of B16 

tumor cells in vivo. Our analysis indicated that the expres-
sion of MHC I on the tumor cell surface was significantly 
enhanced on the surface of ALG3-deficient tumors when 
compared with control (Fig. 4d, e). Similarly, ALG3 defi-
ciency also significantly increased the mRNA and protein 
levels of human leukocyte antigen (HLA)-A2 in the human 
MDA-MB-231 cancer cells (Supplementary Fig. 4c, d). 
These data demonstrated that ALG3 depletion increased the 
immunogenicity of cancer cells through ferroptotic signal-
ing activation, pro-inflammatory signaling stimulation and 
MHC I upregulation.

To investigate the ability of immunogenic ALG3-defi-
cient cells to attract lymphocyte infiltration on tumor sites, 
we proposed to analyze tumor infiltrating lymphocytes (TIL) 
in control and ALG3-deficient B16 tumors by immunofluo-
rescence staining and flow cytometry as described previ-
ously [36]. Immunofluorescence staining indicated that 
ALG3 depletion caused an overall increase in intratumoral 
infiltration of CD45+ leukocytes (Supplementary Fig. 4e, f) 
and CD8+ T cells (Fig. 4f, g). Flow cytometry analysis con-
firmed the significant increase in the number of intratumoral 
CD8+ cytotoxic T cells (CTLs) (Fig. 4h) in ALG3-deficient 
tumors. In addition, consistently, the number of IFNγ+ and 
granzyme B+ (GZMB+) CTLs also increased significantly in 
ALG3-deficient tumors (Fig. 4i, j). By contrast, no signifi-
cant increases in the number of CD4+ Foxp3+ regulatory T 
(Treg) cells and natural killer (NK) cells were observed in 
ALG3-deficient tumors when compared with vector control 
tumors (Supplementary Fig. 4g, h).

In order to determine the relative importance of CD8+ 
T cells in vivo, we used a well-established antibody-based 
approach to deplete CD8+ T cells to assess the relative 
importance in regulating the growth of ALG3-deficient 
tumors [36]. Our data indicated that depleting CD8+ T cells 
completely abolished the growth delay of ALG3-deficient 
tumors (Fig. 4k, l). Furthermore, ALG3 deficiency did not 
influence the ability of B16 cells to form tumors in athymic 
nude mice which do not have mature T cells (Supplementary 
Fig. 4i, j).

We further determined the influence of ALG3 deficiency 
on CD8+ T cells-mediated killing of tumor cells by using the 
OT-1 transgenic mouse model [37], with which we isolated 
and activated chicken ovalbumin (OVA)-specific CD8+ T 
cells, presenting OVA-derived peptides (SIINFEKL). The 
cytotoxic effects of these T cells against OVA-transduced, 
IFNγ-stimulated vector control and ALG3-deficient B16 
melanoma cells were evaluated in vitro. Our results indicated 
that IFNγ-stimulated ALG3-deficient B16 cells were signifi-
cantly more susceptible than IFNγ-stimulated control cells 
to be killed by cytotoxic CD8+ T cells (Fig. 4m, n). Con-
sistent with our preclinical data, expression of ALG3 nega-
tively correlated with the expression of CTL marker CD8A 
in various types of human malignancies (Supplementary 
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Fig. 4k). Our results demonstrated that deleting of ALG3 
gene in murine cancer cells attenuates their growth in mice 
in a CD8+ cytotoxic T cells dependent manner.

To evaluate whether N-linked glycosylation defi-
ciency could synergize with immune checkpoint block-
ade therapy, we established control and ALG3-deficient 
B16 tumors in C57BL/6 mice and treated with murine 

anti-PD1 immune checkpoint inhibitor at a dose of 6 mg/
kg by intraperitoneal injection on day 5, day 8 and day 
11 (Fig. 4o). Our results indicated that ALG3 deficiency 
synergized with anti-PD1 antibody therapy in suppressing 
tumor growth (Fig. 4p) and prolonging survival of host 
mice (Fig. 4q).

(a) (b) (c) (d) (e)

(f)

(k) (l) (m) (n)

(o) (p) (q)

(g) (h) (i) (j)
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Blocking cellular N‑linked glycosylation synergizes 
with immunotherapy

To evaluate the effect of N-linked glycosylation on immu-
notherapy, we analyzed the differential expressed genes 
(DEGs) between high G score and low G score group in 
KIRC patients. The volcano plot showed 604 up-regulated 
DEGs, in which PD1 and CTLA-4 were listed (Fig. 5a). We 
then performed a gene set enrichment analysis (GSEA) and 
found that the DEGs were significantly enriched in adap-
tive immune system pathway in the TCGA–KIRC patients’ 
cohort (Fig. 5b).

Next, we examined whether pharmaceutical inhibi-
tion of N-linked glycosylation could promote intratumoral 
T-cell infiltration. Flow cytometry analysis showed that 
tunicamycin-treated cells significantly increased the MHC 
I (H-2Kd/H-2Dd) expression in Renca cells (Fig. 5c). Simi-
larly, tunicamycin treatment also significantly increased 
human leukocyte antigen (HLA)-A2 in the human 786-O 
cancer cells (Fig. 5d).

To investigate the effect of tunicamycin on attracting lym-
phocyte infiltration on tumor site, we determined the changes 
of intratumoral infiltrating lymphocytes in tunicamycin-
treated B16 tumors. In consistent with ALG3-deficient 

tumors data, tunicamycin treatment significantly increased 
the amount of total intratumoral CD45+ leukocytes (Fig. 5e), 
CD8+ cytotoxic T cells, functional IFNγ+ CD8+ and GZMB+ 
CD8+ T cells in tumors (Fig. 5f–h), as well as intratumoral 
expression of CD8a and GZMB (qRT-PCR, Fig. 5i, j). In 
contrast, no significant increase of CD4+Foxp3+ regulatory 
T (Treg) (Fig. 5k), or NK cells (Fig. 5l) was detected. To 
evaluate whether N-linked glycosylation defect could syn-
ergize with immune checkpoint blockade therapy, we treated 
parental B16 tumors in C57BL/6 mice with tunicamycin and 
anti-PD1 immune checkpoint inhibitor as the indicated pro-
cedure. Our data showed that tunicamycin synergized with 
anti-PD1 antibody therapy in suppressing tumor growth 
(Fig. 5m) with no significant body weight loss (Fig. 5n). 
These data demonstrated that blocking N-linked glycosyla-
tion by genetic deletion ALG3 or pharmaceutical inhibition 
could enhance cancer immune checkpoint blockade therapy 
in mice models.

ALG3 expression is associated with malignancy 
and prognosis in patients

To determine the relevance of ALG3 expression in human 
cancer malignancies, we evaluated the status of ALG3 in two 
cohorts of human subjects with cancer. In the first cohort, 
150 tumor samples from subjects with kidney renal clear 
cell carcinoma (KIRC, Supplementary Fig. 5a for subject 
characteristics) were examined through immunohistochemi-
cal analysis (Fig. 6a). We found higher ALG3 expression 
in high grade KIRC (III–IV grades) when compared with 
lower grade KIRC (Supplementary Fig. 5a), suggesting a 
positively clinicopathological significance between ALG3 
expression and tumor malignancy.

Consistent with our results in mice (Fig. 1), subjects with 
high amounts of ALG3 in their tumor samples showed a 
significantly worse overall survival (Fig. 6b). In the second 
cohort, 37 subjects with advanced stage colon adenocar-
cinoma (COAD, Supplementary Fig. 5b for subject char-
acteristics) were analyzed through immunohistochemical 
analysis (Fig. 6c). Subjects with strong ALG3 staining had 
significantly shorter survival times (Fig. 6d). In addition, 
we analyzed the public RNA sequencing data from TCGA 
data sets (Table S4). Consistent with the immunohistochemi-
cal analysis of the two cohorts, high ALG3 mRNA level 
was correlated with significantly poorer overall survival 
of patients with KIRC (Fig. 6e), COAD (Fig. 6f), LIHC 
(Fig. 6g), LUAD (Fig. 6h), PACA (Fig. 6i) and SKCM 
(Fig. 6j) in TCGA database. On the basis of our results, we 
conclude that evaluated tumor ALG3 level predicts worse 
overall survival in subjects with cancer, and ALG3 may 
serve as a predictive marker for the prognoses of the patients 
with malignancies.

Fig. 4   ALG3 depletion potentiates tumor immunogenicity and pro-
motes pro-inflammatory tumor microenvironment. a Heatmap of 
genes expression related to ferroptosis, interferon signals, and MHC I 
in IFNγ-treated HT1080 cells. b FACS analysis of the IFNγ cytokine 
levels in vector control and ALG3-KO Renca cells. c FACS analy-
sis of H2-Kd/H2-Dd levels on the surface of control, ALG3-KO, and 
ferroptosis activators (Erastin and RSL3) -treated Renca cells. d, 
e FACS analysis of H2-Kb/H2-Db levels on the surface  of subcuta-
neously growth control and ALG3-KO B16 cells on day11 after 
inoculation. f Immunofluorescence staining of CD8a in control and 
ALG3-KO B16 tumors on day 11 after inoculation. DAPI was used 
for nucleus staining. Scale bars = 50  µm. g Quantitative analysis of 
immunofluorescence staining for CD8a in f. Data were collected from 
4 random fields of tumor samples and present mean ± SEM. p values 
were determined by unpaired two-sided t test. h Quantitative estimate 
the number of CD8+ lymphocytes per mg of tumor tissue in control 
and ALG3-KO B16 tumors as determined by flow cytometry. Aver-
age numbers of tumor infiltrating IFNγ+ CD8+ (i) and GZMB+CD8+ 
(j) T cells per mg of tumor tissue in control and ALG3-KO B16 
tumors. k Tumor growth of ALG3-KO B16 tumors in C57BL/6 mice 
depleted of CD8+ T cells. n = 5 tumors per group. l Host mice sur-
vival of ALG3-KO B16 tumors in C57BL/6 mice depleted of CD8+ T 
cells. n = 5 tumors per group. m FACS analysis of H2-Kb/H2-Db lev-
els on the surface of 1 ng/ml IFNγ-treated ALG3-KO-OVA and vec-
tor control B16-OVA cells. n Relative cell viability of control B16-
OVA and ALG3-KO B16-OVA cells when co-cultured with T cell 
from OT-1 mouse for 48 h. Experimental protocol (o), tumor growth 
(p) and host mice overall survival (q) of ALG3-KO or vector control 
B16 tumors in C57BL/6 mice after treated with anti-PD1 antibody. 
n = 5 tumors per group. i.p., intraperitoneal. Data in b, c, e, g–k, n 
present mean ± SEM; n = 3 biological replicates for b, c; n = 6 bio-
logical replicates for e; n = 7 biological replicates for h–j, n; p values 
were determined by unpaired two-sided t test for b, c, e, g–j, n; Two-
way ANOVA for k, p. *p < 0.05, **p < 0.01, ***p < 0.001

◂
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(a)

(e) (f) (g) (h) (i) (j)

(k) (l) (n)(m)

(b) (c) (d)

Fig. 5   N-linked glycosylation inhibitor Tunicamycin synergized 
with immune checkpoint blockade therapy. a Volcano plot showed 
the 604 up-regulated and 966 down-regulated differential expressed 
genes (DEGs) between the high and low G score in the TCGA-
KIRC cohort. (|log2Foldchange|≥ 1 and p value < 10–6). b Gene set 
enrichment analysis (GSEA) discovered the DEGs between high G 
score and low G score of patients in the TCGA-KIRC cohort were 
enriched in adaptive immune system pathway. c FACS analysis of 
H2-Kd/H2-Dd levels on the surface of subcutaneously growth control 
and ALG3-KO Renca cells. d FACS analysis of HLA-A2 levels on 
the surface of subcutaneously growth control and ALG3-KO 786-O 
cells. e Average numbers of tumor infiltrating CD45+ cells per mg of 
tumor tissue in Ctrl. and 0.1 mg/kg Tunicamycin-treated B16 tumors. 
Average numbers of tumor infiltrating CD8+ (f), IFNγ+ CD8+ (g) and 

GZMB+CD8+ (h) T cells per mg of tumor tissue in Ctrl. and 0.1 mg/
kg Tunicamycin-treated B16 tumors. i-j qRT-PCR data showing the 
expression of CD8a(i) and GZMB(j) in Ctrl. and 0.1  mg/kg Tunic-
amycin-treated B16 tumors. n = 4 for each group. Average numbers 
of tumor infiltrating Foxp3+ CD4+ T cells (k) and NK+ cells (l) 
per mg of tumor tissue in Ctrl. and 0.1  mg/kg Tunicamycin-treated 
B16 tumors. n = 5 for control, and n = 6 for Tunicamycin treatment. 
Tumor growth (m) and mice body weight (n) of B16 tumors bear-
ing C57BL/6 mice treated with Tunicamycin (TM) and anti-PD1 
antibody. n = 5, 6, 5, and 6 mice in the four groups, respectively. i.p., 
intraperitoneal. Data in c–l present mean ± SEM. p values were deter-
mined by two-way ANOVA for m; log-rank t test for n. *p < 0.05, 
**p < 0.01, ***p < 0.001
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Discussion

This study uncovers an unappreciated mechanism that ALG3 
inhibition or N-linked glycosylation blockade induces lipid 
homeostasis disorder to trigger immunogenic ferroptosis 
of cancer cells, thereby potentiates intratumoral cytotoxic 
T cell infiltration and renders tumors more responsive to 
immune checkpoint blockade therapy (Supplementary 
Fig. 6), which has great translational potential.

Previous findings have shown that pathogenic variant 
ALG3 was associated with ALG3-congenital disorder of 
glycosylation (ALG3-CDG), a rare autosomal recessive 

disease characterized by N-glycosylation genetic defects 
[28, 38]. Emerging data showed that upregulation of ALG3 
can promote the proliferation, radiosensitivity, lymph node 
metastasis, and metabolic reprogramming of cancer cells 
and the upregulation of ALG3 is related with poor prognosis 
of breast cancer, non-small cell carcinoma, head and neck 
squamous carcinoma [39–42], which is consistent with our 
study that ALG3 is an oncoprotein associated with multiple 
malignancies (Fig. 6).

Knocking out ALG3-mediated N-linked glycosyla-
tion defects in cancer cells promotes transcription factor 
SREBP1 activation and excessive lipogenesis to disrupt lipid 

(a)

(c) (d) (f)

(g) (h) (i) (j)

(b) (e)

Fig. 6   High expression of ALG3 is associated with worse overall 
survival of patients. a Representative IHC staining patterns for sam-
ples with high and low expression of ALG3 in KIRC samples. Scale 
bars = 50  µm. b Kaplan–Meier survival analysis of a cohort of 150 
patients with KIRC related a. c Representative IHC staining pat-
terns for samples with high and low expression of ALG3 in COAD 
samples. Scale bars = 50 µm. d Kaplan–Meier survival analysis of a 
cohort of 37 patients with COAD related c. e–f Kaplan–Meier sur-
vival analysis of the relationship between cumulative survival and 

ALG3 mRNA expression in TCGA KIRC samples (e, n = 528), and 
COAD samples (f, n = 438). Data information is listed in Table  S4. 
Higher levels of ALG3 mRNA expression correlated with worse sur-
vival in 4 cohorts of patients with cancer, including liver hepatocel-
lular carcinoma (LIHC, g), lung adenocarcinoma (LUAD, h), pan-
creatic cancer (PACA, i) and skin cutaneous melanoma (SKCM, j). 
Detail information is listed in Table S4. Log-rank test were used to 
analyze the statistical significance between groups of high and low 
ALG3 in b, d–j. *p < 0.05, ***p < 0.001
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homeostasis through ER-stress-response modules. Although 
the crosstalk between N-linked glycosylation and lipid metab-
olism was clearly demonstrated in the study, mechanisms 
of how the changes of glycosylation affects the function of 
SREBP1 and other transcription factors need to be further 
explored.

Upregulation of SREBP1 caused major changes in lipid 
composition characterized by promotion of poly-unsaturated 
lipids and accumulation of ROS, subsequently leading to 
lipid peroxidation-related ferroptosis in cancer cells. These 
ferroptotic cancer cells were characterized with activation 
of interferon-related signal, releasing of IFNγ cytokine, and 
upregulating of MHC I (H-2Kb/H-2Db, H-2Kd/H-2Dd and 
HLA-A). Furthermore, excessive accumulation of misfolded 
proteins might trigger neoantigens in N-linked glycosylation 
defects cancer cells. ALG3 inhibition may also result in expos-
ing neoantigens continuously to make the ferroptotic cancer 
cells more immunogenic, subsequently activating anti-tumor 
immune responses. On the other hand, ferroptotic cancer cells 
also influence immune cells by releasing lipid metabolites, 
cytokines and chemokines [43], which enhance cytotoxic 
T cell infiltration and actively promote a pro-inflammatory 
microenvironment to activate anti-tumor immune responses 
potentiate anti-PD1 therapy. Therefore, ALG3 might be a 
promising target for cancer immune checkpoint blockade 
therapy. Although few literatures demonstrate the anti-tumor 
immune effect of N-linked glycosylation defects at whole 
cellular level, several reports have shown that inhibition of 
individual protein N-linked glycosylation could enhance 
anti-tumor T-cell immunity. For example, in a recent study 
the removal of N-linked glycosylation improved anti-PD-L1 
antibody binding affinity and signal intensity and predicted 
anti-PD-1/PD-L1 therapeutic efficacy [44]. Furthermore, it has 
been previously shown that blocking the inhibitory signal of 
PD-L1 by metformin-induced abnormal PD-L1 glycosylation 
enhances cytotoxic T lymphocyte activity against cancer cells 
[45], while N-linked glycosylation of PD-L1 enhances stabi-
lization and suppresses T-cell activity [46].

In our study, besides using multiple mouse models to 
demonstrate the function of ALG3 in immune regulation, we 
also analyzed the expression of CD8A and ALG3 in TCGA 
cohorts and tumor tissues of patients, which provide a good 
rationale for predicting the prognosis of patients with malig-
nancies. However, further clinic-related experiments need to 
be carried out to confirm the translational potential of target-
ing ALG3 as a new strategy for cancer immune checkpoint 
blockade therapy.

Methods

Cell culture

MC38 mouse colon adenocarcinoma cell line was 
obtained from Kerafast (Boston, MA). Renca (murine 
renal adenocarcinoma), B16/F10 (murine melonoma), 
4T1 (murine mammary carcinoma), 786-O (human renal 
cell carcinoma) and MDA-MB-231 (human mammary 
adenocarcinoma) cancer cell lines were obtained from 
Cell Culture Facility of Chinese Academy of Science or 
Guangzhou Cellcook Biotech Co. Ltd. Renca, 786-O and 
MDA-MB-231 cells were cultured in RMP-1640 (Gibco) 
supplemented with 10% fetal bovine serum (FBS), 100 
unites/ml penicillin and 100 µg/ml streptomycin antibiot-
ics, and B16/F10, 4T1, MC38, 293 T were cultured in 
DMEM(Gibco) supplemented with 10% fetal bovine serum 
(FBS), 100 unites/ml penicillin and 100 µg/ml streptomy-
cin antibiotics. Cells were maintained at 37 °C in a humid-
ified 5% CO2 incubator. All cell lines were authenticated 
using short-tandem repeat (STR) profiling and verified to 
be free of mycoplasma contamination.

‘‘G score’’ computation and TCGA analysis

Univariate Cox regression analysis were performed by the 
R package ‘survival’ to screen out the genes associated 
with prognosis. p < 0.05 in univariate Cox regression anal-
ysis were considered statistically significant. The prognos-
tic gene signature was constructed by weighting the Cox 
regression coefficients to calculate a risk score (G-score) 
for each patient. The G-score was calculated as follows:

where βi is the coeff (coefficient) and xi is the FPKM 
value of each selected gene, while Z = (coeff/se(coeff)). 
The R packages ‘survival’ and ‘survminer’ were used to 
determine the optimal cut-off value of risk score to divide 
patients into high- or low-risk groups. The heatmap was 
generated from a cluster analysis of the normalized read 
counts (scaling in a per gene basis using the z-score 
((x − µ)/σ), Euclidean-distance, average-linkage) using the 
R package (v 1.0.12) ‘pheatmap’ (v 3.4; https://​CRAN.R-​
proje​ct.​org/​packa​ge=​pheat​map).

In addition, RNA-Seq data for KIRC, SKCM, LIHC, 
and LGG were downloaded and pre-processed with the 
GDC (Genomic Data Commons) query of the TCGA 
biolinks Bioconductor/R packages.

G - score =

n
∑

i=1

�
i
x
i
.

https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
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Differential gene expression and gene set 
enrichment analysis

R package “limma” was used to identify the differential 
expressed genes (DEGs) between high and low G score 
patients in TCHA–KIRC cohort. (|log2Foldchange|≥ 1 and p 
value < 1 × 10–6 were considered as the cutoff values to iden-
tify DEGs. Then we investigate the underlying association 
between G score and immune-associated pathways. Gene set 
enrichment analysis (GSEA) was conducted between high 
and low G score patients in TCGA-KIRC cohort. p < 0.05 
was considered statistically significant.

CRISPR mediated gene deletion in tumor cells

Knockout cells were generated with lentivirus-mediated 
CRISPR–Cas9 technology. Single guided RNA (sgRNA) 
sequences were designed using a public-domain online 
CRISPR design tool (chopchop.cbu.uib.no). SgRNA 
sequences targeting mouse ALG3 were as follows: sgRNA1, 
AAG​AAG​GAA​TAG​CAA​TCC​CG; sgRNA2, CCA​TAG​GGA​
TAT​CAG​TGC​CC. SgRNA sequences targeting human 
ALG3 were: sgRNA1, TTC​CTG​CTG​GAG​AAC​CCC​AG; 
sgRNA 2, GAG​AAG​AAA​CAG​TAA​CCC​AG. Sequences 
targeting mouse SREBP1 were: sgRNA 1, AAT​GCC​CCA​
GCC​GAA​AAG​CG; sgRNA 2, TTT​GAC​GCC​CCC​TAT​GCT​
GG. Sequences targeting human SREBP1 were: sgRNA 1, 
TCT​CCG​CAT​CTA​CGA​CCA​GT; sgRNA 2, CAG​AAA​GCG​
AAT​GTA​GTC​GA. Double-stranded oligonucleotides encod-
ing the sgRNA sequences were cloned into BsmB1 (Ther-
mal Fisher Scientific)-digested plasmid LentiCRISPRv2 
(deposited by F. Zhang of MIT to Addgene, Cambridge, 
MA) which co-expresses Cas9 and sgRNA in the same 
vector. The sgRNA-encoding CRISPR lentivirus vectors 
were then produced using an established protocol from the 
Trono laboratory (https://​www.​epfl.​ch/​labs/​trono​lab/​labor​
atory-​of-​virol​ogy-​and-​genet​ics/ lentivectors-toolbox/). To 
generate the knockout cell lines, target cells were infected 
with sgRNA-encoding CRISPR lentivirus and cultured in 
DMEM with 10% FBS and selected in puromycin (1 μg/ml 
for B16F10 and MDA-MB-23 l and Renca cells, 1.5 μg/ml 
for 786-O cells, 5 μg/ml for 4T1 cells and 6 μg/ml for MC38 
cells) for 7–10 days.

Implantation of tumor cells, tumor growth 
measurements and survival analyses

Animal experiments conducted in this study were approved 
by Sun Yat-sen University Institutional Animal Use and 
Care Committee. C57BL/6, and athymic nude mice were 
from Sun Yat-sen University animal facility. Mice were 
housed in an environmentally controlled room (tempera-
ture 23 ± 2 °C, relative humidity 30–70%), fed irradiated 

laboratory rodent diet, and provided with sterilized water. 
Before tumor cells were injected, age-matched 6–8-week-
old mice were shaved at the flank. Tumor cells were then 
injected into the shaved flank subcutaneously, using 1 × 105 
CRISPR–Cas9-modified control or ALG3-knockout tumor 
cells. Anti-PD1 antibody (Clone RMP1-14, BioXcell) were 
intraperitoneally (i.p.) administrated at dose of 6 mg/kg on 
day 5, day 8 and day 11 in combination with ALG3 defi-
ciency or Tunicamycin. Tunicamycin (MedChemExpress, 
MCE, Shanghai) was intraperitoneally (i.p.) administrated 
at dose of 0.1 mg/kg/day (in water) for consecutive 8 days 
starting on day 3 after tumor inoculation. No blinding was 
used in our tumor growth delay experiments. Tumor size 
were measured by use of a caliper and calculated using the 
formula volume = (length)(width)2/2. Endpoint was defined 
as the time when a progressively growing tumor reached 
15 mm in the longest dimension. Tumor samples were col-
lected at the indicated times and processed for bioanalysis.

Cell viability assay

Cancer cells were plated at 2000 per well in 96-well flatted 
bottom white cell culture plates (Corning). Growth viability 
was determined by CCK8(MCE). A total of 10 µl of CCK8 
working solution was added to each well at 0, 24, 48, or 72 h 
followed by incubation for 2 h at 37 °C. Finally, the absorb-
ance was measured at 450 nm.

Western blot analysis

Cells were washed with cold phosphate-buffered saline 
(PBS), then lysed in radioimmunoprecipitation assay (RIPA) 
buffer supplemented with protease inhibitors (Sigma). Equal 
amounts of lysates were separated by SDS-PAGE and trans-
ferred to polyvinyldifluoride (PVDF) membrane. Proteins 
were then probed with specific antibodies followed by sec-
ondary antibodies conjugated with horseradish peroxidase 
(HRP). The HRP signal was developed by electrochemilu-
minescence (ECL). For glycosyaltion detection. The cell 
lysates were normalized for total protein using a Bradford 
assay and then separated by SDS-PAGE. proteins were trans-
ferred to PVDF membranes. Membranes were incubated for 
1 h in Tris-buffered saline containing 0.1% Tween-20 and 
2% BSA and then probed overnight with biotin conjugates 
of concanavalin A (ConA-biotin; C2271; Sigma). After 1 h 
incubation with streptavidin-peroxidase (S5512; Sigma), the 
blots were visualized using ECL. Quantification of interested 
proteins was analyzed using Image J.

Quantitative real‑time PCR (qRT‑PCR) assay

Total RNA was extracted using TRIzol Reagent (Invitro-
gen) according to the manufacturer's protocol. The RNA 

https://www.epfl.ch/labs/tronolab/laboratory-of-virology-and-genetics/
https://www.epfl.ch/labs/tronolab/laboratory-of-virology-and-genetics/


	 P. Liu et al.

1 3

352  Page 14 of 18

was subjected to cDNA synthesis with random hexamer 
primers using Superscript II reverse transcriptase (Invitro-
gen). Real-time quantitative RT-PCR (qRT-PCR) was per-
formed SYBR PrimeScript RT-PCR kit (TaKaRa Bio Inc, 
Japan). The primer sequences are as follows: HLA-A forward 
primer: 5′-accctcgtcctgctactctc-3′, reverse primer: 5′-ctgtctc-
ctcgtcccaatact-3′; SCAP forward primer: 5′-tatctcgggc-
cttctacaacc-3′, reverse primer: 5′-ggggcgagtaatccttcaca-3′; 
FASN forward primer: 5′-aaggacctgtctaggtttgatgc-3′, reverse 
primer: 5′-tggcttcataggtgacttcca; SREBP1 forward primer: 
5′-acagtgacttccctggcctat-3′, reverse primer: 5′-gcatggacggg-
tacatcttcaa-3′; ERLIN2 forward primer: 5′-tccaccacgaact-
gaaccag-3′, reverse primer: 5′-aacagctcaatgtagacctcttg; 
ACAT2 forward primer: 5′-gcggaccatcataggttcctt-3′, reverse 
primer: 5′-actggcttgtctaacaggattct-3′; human-GAPDH for-
ward primer: 5′-gggaaactgtggcgtgat-3′, reverse primer: 
5′-gagtgggtgtcgctgttga-3′; mouse-H2-K1 forward primer: 
5′-gcacaggttcgcgttcgaga-3′, reverse primer: 5′-ctggatttgccag-
gagttcgg-3′; mouse-FASN forward primer: 5′-ggaggtggtga-
tagccggtat-3′, reverse primer: 5′-tgggtaatccatagagcccag-3′; 
mouse-GPX4 forward primer: 5′-tgtgcatcccgcgatgatt-3′, 
reverse primer: 5′-ccctgtacttatccaggcaga-3′; mouse-TAP1 
forward primer: 5′-ggacttgccttgttccgagag-3′, reverse 
primer: 5′-cagcatccgacacagcatgt-3′; mouse-XBP1 forward 
primer: 5′-agcttttacgggagaaaactcac-3′, reverse primer: 
5′-cctctggaacctcgtcagga-3′; mouse-ATF4 forward primer: 
5′-cctgaacagcgaagtgttgg-3′, reverse primer: 5′-tggagaacc-
catgaggtttcaa-3′; mouse-ATF6 forward primer: 5′-tcgccttt-
tagtccggttctt-3′, reverse primer: 5′-ggctccataggtctgactcc-3′; 
mouse-EIF2A forward primer: 5′-cacggtgcttcccagagaatc-3′, 
reverse primer: 5′-gtcccttgttagcgacattga-3′; mouse-ERLIN2 
forward primer: 5′-atctcatgctcccgttcatca-3′, reverse primer: 
5′-cactgcatttgggaccagga-3′; mouse-IFIT1 forward primer: 
5′-ctgagatgtcacttcacatggaa-3′, reverse primer: 5′-gtgcatccc-
caatgggttct-3′; mouse-ISG15 forward primer: 5′-ctagagcta-
gagcctgcag-3′, reverse primer: 5′-agttagtcacggacaccag-3′; 
mouse-SCAP forward primer: 5′-ccgagcattccaactggtg-3′, 
reverse primer: 5′-ccatgttcgggaagtaggct-3′; mouse-GAPDH 
forward primer: 5′-ggcctccaaggagtaagaaa-3′, reverse primer: 
5′-gcccctcctgttattatgg-3′.

Global metabolomics analysis by LC–MS/MS

Metabolite extraction was primarily performed according to 
previously reported methods [47, 48]. In brief, 100 µl sam-
ples were extracted by directly adding 300 µl of precooled 
methanol and acetonitrile (2:1, v/v), internal standards mix 
1 (IS1) and internal standards mix 2 (IS2) were added for 
quality control of sample preparation. After vortex for 1 min 
and incubate at − 20 °C for 2 h, samples were centrifuged 
for 20 min at 4000 rpm, and the supernatant was then trans-
ferred for vacuum freeze drying. The metabolites were 
resuspended in 150 µl of 50% methanol and centrifuged for 

30 min at 4000 rpm, and the supernatants were transferred 
to autosampler vials for LC–MS analysis. A quality con-
trol (QC) sample was prepared by pooling the same volume 
of each sample to evaluate the reproducibility of the whole 
LC–MS analysis.

The samples were analyzed on a Waters 2D UPLC 
(Waters, USA), coupled to a Q-Exactive mass spectrometer 
(Thermo Fisher Scientific, USA) with a heated electrospray 
ionization (HESI) source and controlled by the Xcalibur 
2.3 software program (Thermo Fisher Scientific, Waltham, 
MA, USA). Chromatographic separation was performed 
on a Waters ACQUITY UPLC BEH C18 column (1.7 μm, 
2.1 mm × 100 mm, Waters, USA), and the column tempera-
ture was maintained at 45 °C. The mobile phase consisted 
of 0.1% formic acid (A) and acetonitrile (B) in the positive 
mode, and in the negative mode, the mobile phase consisted 
of 10 mM ammonium formate (A) and acetonitrile (B). 
The gradient conditions were as follows: 0–1 min, 2% B; 
1–9 min, 2–98% B; 9–12 min, 98% B; 12–12.1 min, 98% B 
to 2% B; and 12.1–15 min, 2% B. The flow rate was 0.35 ml/
min and the injection volume was 5 μl. The mass spectro-
metric settings for positive/negative ionization modes were 
as follows: spray voltage, 3.8/− 3.2 kV; sheath gas flow rate, 
40 arbitrary units (arb); aux gas flow rate, 10 arb; aux gas 
heater temperature, 350 °C; capillary temperature, 320 °C. 
The full scan range was 70–1050 m/z with a resolution of 
70,000, and the automatic gain control (AGC) target for MS 
acquisitions was set to 3 × 106 with a maximum ion injection 
time of 100 ms. Top 3 precursors were selected for sub-
sequent MSMS fragmentation with a maximum ion injec-
tion time of 50 ms and resolution of 17,500, the AGC was 
1 × 105. The stepped normalized collision energy was set to 
20, 40 and 60 eV.

ROS detection

ROS production was detected using the probes DCFDA 
(Abcam, ab113851). 5 × 105 cells were harvested, washed 
with PBS, and incubated with 20 µM DCFDA for 30 min 
at 37 °C. The samples were analyzed using flow cytometer 
Cytoflex (Beckman). Analysis of flow cytometry data was 
performed with FlowJo v10. The relative lipid ROS were 
calculated by the ratio of mean fluorescence intensities 
(MFI) of FITC.

Malondialdehyde (MDA) assay

MDA content in tumor cells or tissue was measured by 
Lipid Peroxidation MDA Assay Kit (Beyotime) to monitor 
the lipid peroxidation. Cultured cells or tumor tissue was 
lysed and homogenized in RIPA buffer containing protease 
inhibitors. Tissue homogenates were centrifuged at 1600×g 
for 10 min at 4 °C and 100 μl supernatant was used for MDA 
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analysis. In the meantime, protein concentration of super-
natant was determined by bicinchoninic acid (BCA) protein 
assay for quantification of MDA content.

Immunofluorescence staining 
and immunohistochemistry (IHC) assay

Tumor tissues were fixed, embedded into paraffin and sec-
tioned in standard procedure. After antigen retrieval and 
blocking, the sections were incubated with the anti-mouse 
CD45 antibody in blocking buffer at 4 °C overnight, sequen-
tially stained with FITC-conjugated rat anti-mouse second-
ary antibody for 1 h at room temperature. After washing 
with PBS, the stained slices were mounted with mounting 
medium (Vector Laboratories) containing DAPI. Images 
were captured by use of Leica SP-5 confocal microscope. 
For IHC assay, tumor sections were incubated with primary 
and HRP-conjugated secondary antibody, then visualized 
with HRP/DAB system. Images were captured with light 
microscope (Olympus, BX43) and counted with Image-Pro 
Plus software (Media Cybernetics, IncRockville, MD). The 
primary antibodies used for IHC are listed as follows. Mouse 
anti-SREBP1 Monoclonal antibody (1:500, Cat No. 66875-
1, Proteintech Inc), rabbit anti-Ki67 polyclonal antibody 
(1:500, Cat No. 27309-1, Proteintech Inc), anti-rabbit Nrf2 
monoclonal antibody (1:200, Cat No. 16396-1, Proteintech 
Inc), or rabbit anti-GPX4 polyclonal antibody (1:200, Cat 
No. 14432-1, Proteintech Inc).

For staining ALG3 in human tumor tissues, human 
KIRC tissue microarray was approved by the Ethical 
Review Board of Shanghai Outdo Biotech Company (No. 
SHYJS-CP-1510001).

Human COAD tissue microarray was approved by the 
Ethical Review Board of Shanghai General Hospital, Shang-
hai Jiao Tong University School of Medicine, China (no. 
2014KY107).

Assessment of GSH levels

The intracellular levels of GSH were measured using GSH 
and GSSG Assay Kit (Beyotime). According to the manufac-
turer's instructions, the IsoA-treated cells were collected and 
homogenized. The protein concentrations were quantified 
using the BCA method. The total GSH levels were care-
fully measured by the enzymatic recycling method using 
glutathione reductase and 5′,5′-dithio-bis (2-nitrobenzoic 
acid). The sulfhydryl group of GSH reacts with DTNB and 
produces a yellow-colored 5-thio-2-nitrobenzoic acid, which 
has an absorbance at 405 to 414 nm. Oxidized glutathione 
(GSSG) levels were accomplished first by first derivatizing 
GSH with 2-vinylpyridine. The concentrations of reduced 
GSH were calculated by subtracting the GSSG levels 
from the total GSH (GSH = total GSH − 2 × GSSG). The 

intracellular levels of GSH were determined on the basis of 
cellular protein concentrations.

Analyses of tumor infiltrating lymphocytes and MHC 
I on tumor cells

About 1 × 105 Ctrl. or ALG3-KO tumor cells were inocu-
lated subcutaneously into C57BL/6 mice. Tumors were har-
vested on day 12 after inoculation, weighted, mechanically 
minced and incubated with 50 µg/ml DNase I (Sigma) and 
2 mg/ml collagenase P (Sigma) for 20 min at 37 °C. The dis-
sociated cells were filtered, blocked with an anti-CD16/32 
antibody and stained with indicated surface antibodies for 
20 min on ice. Dead cells were marked by use of Live/Dead 
Fixable Violet dye (Thermo Fisher). Intracellular antibod-
ies were added after fixation and permeabilization follow-
ing the manufacturer’s instructions (Biolegend). For MHC 
I detection in vivo, B16 with GFP stabilizing expression 
cells were inoculated into C57BL/6 mice and treated with 
the same procedure. Tumor cells were identified with GFP 
and stained with anti-H-2Kb/H-2Db antibody. The samples 
were analyzed and quantified using flow cytometer Cytoflex 
(Beckman). The list of antibodies, their source, and dilution 
information are as follows. FITC anti-Mouse CD45(Clone 
30-F11, Cat No. #103108, 0.25 μg per 10e6 cells in 100 μl 
dilution buffer, Biolegend). PE/Cyanine7 anti-Mouse CD3ε 
(Clone 145-2c11, Cat No. #100320, 1 μg per 10e6 cells in 
100 μl dilution buffer, Biolegend). Alexa Fluro 647 anti-
Mouse CD4 (Clone GK1.5, Cat No. #100424, 0.25  μg 
per 10e6 cells in 100 μl dilution buffer, Biolegend). APC/
Fire750 anti-Mouse CD8a (Clone 53–6.7, Cat No. #100766, 
0.25 μg per 10e6 cells in 100 μl dilution buffer, Biolegend). 
PE anti-Mouse NK1.1(Clone PK136, Cat No. #108707, 
0.25 μg per 10e6 cells in 100 μl dilution buffer, Biolegend). 
PE anti-Mouse Foxp3 (Clone MF-14, Cat No. #126403, 
1 μg per 10e6 cells in 100 μl dilution buffer, Biolegend). 
PE anti-Mouse Gzmb (Clone QA16A02, Cat No. #372207, 
5 μl per 10e6 cells in 100 μl dilution buffer, Biolegend). 
Alexa Fluro 647 anti-Mouse IFNγ (Clone XMG1.2, Cat No. 
#505816, 0.25 μg per 10e6 cells in 100 μl dilution buffer, 
Biolegend). APC anti-Mouse H-2Kb/Db (Clone 28–8-6, Cat 
No. #114614, 0.25 μg per 106 cells in 100 μl dilution buffer, 
Biolegend). Purified anti-Mouse CD45 (Clone 30-F11, Cat 
No. #103101, IF, 1:50 dilution, Biolegend).

CD8+ lymphocyte depletion

To evaluate the role of specific subsets of immune effector 
cells in mice, we depleted CD8+ T cells using 100 μg of 
anti-CD8β antibody (BioXcell, clone 53–5.8), respectively, 
on day − 3, day 0 and day 3. Equal amounts of IgG isotype 
antibodies (BioXcell) were injected as a control.
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OT‑1 T cell culture

OT-1 CD8+ T cells expressing a transgene encoding a 
TCR that specifically recognizes SIINFEKL peptide bound 
to mouse H-2Kb were harvested from spleens of OT-1 
C57BL/6 mice. Activated OT-1 T cells were generated by 
incubating 5 × 106 OT-1 SIINFEKL-pulsed mouse spleno-
cytes per millilitre in vitro for 5–7 days in the presence of 
mouse recombinant interleukin-2. Briefly, an OT-1 mouse 
spleen was harvested and homogenized using aseptic tech-
niques. The released cells were pelleted and resuspended 
in 3 ml of ACK buffer (0.15 M NH4Cl, 1 mM KHCO3 and 
0.1 mM EDTA) for 2 min to lyse red blood cells at room 
temperature. The splenocytes were then pelleted, washed, 
and resuspended at 5 × 106 cells per millilitre in complete 
growth medium (RPMI1640 Sigma-Aldrich) with 10% FBS 
(Corning), 1 × penicillin–streptomycin (ThermoFisher Sci-
entific), 1 × sodium pyruvate (ThermoFisher Scientific), and 
1 × 2-mercaptoethanol (ThermoFisher Scientific) containing 
0.75 μg/ml SIINFEKL peptide (GenScript) and incubated at 
37 °C in a 95% air/5% CO2 humidified environment. Mouse 
recombinant interleukin-2 (Multi Sciences) was added on 
days 3 and 5 at 30 U/ml with fresh complete growth medium. 
On day 7, the cells were harvested for assays. The specific-
ity was determined by flow-cytometry analysis using APC/
Fire750-labelled anti-mouse CD8 antibody (BioLegend).

Tumor cell/T‑cell co‑culture analysis

B16 control, B16 ALG3-knockout, B16 control-OVA 
(expressing ovalbumin) and B16 ALG3-knockout-OVA cells 
were first stimulated by incubation with mouse recombi-
nant IFN-γ at 1 ng/ml for 12 h. The stimulated tumor cells 
were then cultured with OVA-specific T cells at a 1:1 ratio 
or without OVA-specific T cells in T-cell complete growth 
medium with mouse recombinant interleukin-2 (30 U/ml) 
for 24 h. Subsequently, Growth viability was determined by 
CellTiter-Glo luminescent viability assay (Promega).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
8 software; P values of less than 0.05 were considered sta-
tistically significant. Two-way ANOVA was used for multi-
ple comparisons in tumor growth delay experiments. Log-
rank tests were used for mouse survival analyses. ALG3 
gene expression data in Table S3 was from TCGA data sets 
included in cBioportal (https://​www.​cbiop​ortal.​org/) in Feb-
ruary 2021 and GTEx Portal (https://​www.​gtexp​ortal.​org). 
ALG3 gene expression and patient survival data in Table S4 
were from proteinatlas.org (version 20.1.) and oncolnc 
(http://​www.​oncol​nc.​org). Overall survivals of ALG3 high 
and low groups were evaluated using log-rank tests. In other 

experiments, comparisons between two groups were made 
with unpaired two-sided Student’s t tests.
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