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Abstract: Rapidly growing tumors often encounter energy stress, such as glutamine deficiency. However, how nor-
mal and tumor cells differentially respond to glutamine deficiency remains largely unclear. Here, we demonstrate 
that glutamine deprivation activates PERK, which phosphorylates FBP1 at S170 and induces nuclear accumulation 
of FBP1. Nuclear FBP1 inhibits PPARα-mediated β-oxidation gene transcription in normal lung epithelial cells. In 
contrast, highly expressed OGT in non-small cell lung cancer (NSCLC) cells promotes FBP1 O-GlcNAcylation, which 
abrogates FBP1 phosphorylation and enhances β-oxidation gene transcription to support cell proliferation under 
glutamine deficiency. In addition, FBP1 pS170 is negatively correlated with OGT expression in human NSCLC speci-
mens, and low expression of FBP1 pS170 is associated with poor prognosis in NSCLC patients. These findings 
highlight the differential regulation of FBP1 in normal and NSCLC cells under glutamine deprivation and underscore 
the potential to target nuclear FBP1 for NSCLC treatment.
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Introduction

Lung cancer is the second most common can-
cer worldwide and has the highest mortality 
rate among all tumors [1]. Non-small cell lung 
cancer (NSCLC) is the most typical pathological 
type with a poor prognosis due to high mortali-
ty, metastasis rates, and resistance to chemo-
therapy. Rapidly growing tumors, such as NSC- 
LC, often encounter energy stresses, includ- 
ing a shortage of glutamine, and respond to 
them by reprogramming their metabolism [2]. 
Glutamine is an essential amino acid for tumor 
cell proliferation and progression. However, the 
mechanism by which NSCLC cells adapt to glu-
tamine deficiency remains largely unknown.

Cancer cells prefer to generate energy through 
aerobic glycolysis, also known as the Warburg 
effect [3, 4]. As a reverse process of glycolysis, 
gluconeogenesis plays a pivotal role in cancer 
progression [5]. The gluconeogenesis enzyme 
fructose-1,6-bisphosphatase (FBP), which hy- 

drolyzes fructose 1,6-bisphosphate (F1,6BP) to 
fructose 6-phosphate (F6P), is regarded as a 
tumor suppressor due to its inhibition of glycoly-
sis. FBP1 is downregulated in many types of 
cancer [6]. Downregulated FBP1 has been 
reported to promote tumor progression in hepa-
tocellular carcinoma (HCC) and clear cell renal 
cell carcinoma (ccRCC) [7-9]. Recently, we  
demonstrated that FBP1 can act as a histone 
phosphatase and is involved in glucose depri-
vation-induced metabolic reprogramming [10]. 
In normal hepatocytes, activated RNA-like 
endoplasmic reticulum kinase (PERK) was 
found to phosphorylate FBP1 at S170, resulting 
in conversion of the FBP1 tetramer to a mono-
mer for nuclear translocation under glucose 
deprivation. Nuclear accumulated FBP1 inter-
acts with PPARα, dephosphorylates histone 
H3T11 and suppresses PPARα-mediated β- 
oxidation gene transcription. In contrast, highly 
expressed O-linked N-acetylglucosamine trans-
ferase (OGT) in HCC cells induces FBP1 S124 
O-GlcNAcylation. O-GlcNAcylation abrogates 
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FBP1 S170 phosphorylation and promotes 
β-oxidation to support HCC cell survival. 
Although the differential regulation of FBP1 in 
normal hepatocytes and HCC cells was 
revealed, whether FBP1 can inhibit PPARα-
mediated β-oxidation in NSCLC cells under 
other energy stresses remains unknown.

In this study, we showed that glutamine depri-
vation induced PERK-dependent FBP1 phos-
phorylation and nuclear translocation. Nuclear 
FBP1 interacted with PPARα and inhibited 
β-oxidation gene expression in normal lung  
epithelial cells. In contrast, NSCLC cells exhib-
ited much greater OGT expression, leading to 
FBP1 O-GlcNAcylation, which blocked PERK-
mediated FBP1 phosphorylation and its nucle-
ar translocation. This inhibition abrogated the 
inhibitory effect of FBP1 on PPARα and resulted 
in strongly enhanced β-oxidation and tumor 
growth in mice.

Materials and methods

Cell culture

HEK 293T, BEAS-2B and A549 cells were 
obtained from ATCC. HEK 293T, BEAS-2B and 
A549 cells were grown in DMEM with 10%  
fetal bovine serum and 1% penicillin streptomy-
cin. The cells were cultured in 5% CO2 at 37°C 
in a humidified incubator. Glutamine depriva-
tion was performed by washing the cells twice 
with phosphate-buffered saline (PBS) and cul-
turing the cells in glutamine-free DMEM (Gibco).

Lentivirus production and infection

Lentivirus production and infection were  
performed as described previously [11]. The 
following shRNA sequences were used: FBP1, 
5’-CCTTGATGGATCTTCCAACAT-3’; OGT, 5’-TTT- 
AGCACTCTGGCAATTAAA-3’; and PERK, 5’-GG- 
AACGACCTGAAGCTATAAA-3’.

Immunoprecipitation and immunoblotting 
analysis

The extraction of proteins from cultured cells 
was performed with a modified buffer and was 
followed by immunoprecipitation and immu-
noblotting using corresponding antibodies [12].

Immunofluorescence analysis

Immunofluorescence analysis was performed 
as previously described [13]. Primary antibod-

ies were diluted 1:100, and fluorescence dye-
conjugated secondary antibodies were diluted 
1:1000.

Subcellular fractionation

Nuclear fractions were isolated from the  
cells using a nuclei/cytosol fractionation kit 
(BioVision).

Cell proliferation assay

A total of 4 × 103 cells were seeded in 96-well 
plates in DMEM with 10% bovine calf serum 
with or without glutamine deprivation. Cell via-
bility was detected by CCK-8 assays [14].

Real-time PCR

Total RNA extraction, reverse transcription and 
quantitative real-time PCR were performed as 
previously described [10]. TRIzol (Invitrogen), 
TaqMan reverse transcription reagent kit 
(Applied Biosystems) and SYBR Premix Ex Taq 
kit (TaKaRa) were used. The primers used for 
qRT-PCR were consistent with a previously pub-
lished paper [10].

IHC analysis and histological evaluation of hu-
man lung adenocarcinoma

Human lung adenocarcinoma and adjacent 
matched nontumor tissue samples were ob- 
tained from The First Affiliated Hospital, 
Zhejiang University School of Medicine. All tis-
sue samples were collected in compliance with 
the informed consent policy. Table 1 summa-
rizes the clinical features of the patients. IHC 
analysis was performed as described previous-
ly [15]. The quantification and scoring of the 
staining of tissue sections and its comparison 
with the corresponding overall survival duration 
was determined as described previously [16].

Animal studies

A total of 4 × 106 A549 cells with reconstituted 
expression of different FBP1 mutants were 
subcutaneously injected into 6-week-old male 
BALB/c athymic nude mice. The injections  
were performed as described previously [17]. 
Animals were sacrificed 28 days after injection. 
The tumors were dissected and weighed. The 
animal study was approved by the Institutional 
Review Board at The First Affiliated Hospital, 
Zhejiang University School of Medicine. No sta-
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tistical method was used to predetermine the 
sample size.

Statistical analysis

We used SPSS 21.0 (IBM, Armonk, NY) to per-
form statistical analyses. The association be- 
tween marker expression and clinical factors 
was analyzed by the chi-squared test. The sur-
vival analyses were performed by the Kaplan-
Meier method (log-rank test). We used univari-
ate Cox regression to calculate the risk factors 
for progress, and the risk factors were then 
included in a multivariate Cox regression model 
to identify the independent prognostic fac- 
tors. P < 0.05 was considered statistically sig-
nificant. Statistically significant differences 
between groups were analyzed by two-tailed t 
test using GraphPad Prism 6.

Results

Glutamine deprivation induces nuclear ac-
cumulation of FBP1 and inhibits PPARα-
mediated β-oxidation gene transcription in nor-
mal lung epithelial cells but not in NSCLC cells

Glutamine deprivation is known to induce ER 
stress and PERK activation [18]. To determine 

whether glutamine deprivation differentially 
regulates FBP1 in normal lung epithelial cells 
and NSCLC cells, we exposed BEAS-2B normal 
lung epithelial cells and A549 NSCLC cells  
to glutamine deprivation. Immunofluorescence 
analyses revealed that FBP1 was translocated 
into the nucleus in BEAS-2B cells but not in 
A549 cells (Figure 1A). Cell fractionation analy-
ses showed that a small portion of cytosolic 
FBP1 accumulated in the nucleus of BEAS-2B 
cells but not A549 cells (Figure 1B). In addi- 
tion, glutamine deprivation induced FBP1 bind-
ing with PPARα in BEAS-2B cells but not in 
A549 cells (Figure 1C). To determine whether 
FBP1 regulates PPARα activity, we examined 
PPARα-mediated β-oxidation gene expression. 
We found that glutamine deprivation substan-
tially increased the expression of acetyl-CoA 
acyltransferase 2 (ACAA2), acyl-CoA dehydro-
genase family member 8 (ACAD8), electron 
transfer flavoprotein dehydrogenase (ETFDH), 
and acyl-CoA oxidase 1 (ACOX1) in A549 cells 
and to a much lesser extent in BEAS-2B cells 
(Figure 1D). These results suggested that glu-
tamine deprivation promotes FBP1 nuclear 
accumulation and inhibits PPARα-mediated 
β-oxidation gene transcription in normal lung 
epithelial cells but not in NSCLC cells.

Glutamine deprivation-activated PERK phos-
phorylates FBP1 and mediates FBP1 nuclear 
accumulation in normal lung epithelial cells

Glutamine deprivation was reported to acti- 
vate PERK [18], a kinase that phosphorylates 
FBP1 at serine 170 [10]. To determine whether 
PERK is involved in glutamine deprivation-
induced FBP1 nuclear accumulation, we per-
formed a coimmunoprecipitation assay and 
showed that glutamine deprivation induced  
the interaction of PERK with FBP1 in BEAS-2B 
cells (Figure 2A). In addition, glutamine depri-
vation induced FBP1 S170 phosphorylation, 
and this phosphorylation was abrogated by 
expression of the FBP1 S170A mutant or treat-
ment with the PERK inhibitor GSK2656157 
(Figure 2B), which also inhibited the eukaryo- 
tic initiation factor 2 (eIF2) α subunit pS51, a 
known PERK substrate [19]. In addition, both 
GSK2656157 (Figure 2C) and PERK depletion 
via PERK shRNA (Figure 2D) blocked the FBP1 
nuclear accumulation induced by glutamine 
deprivation. Consistently, FBP1 S170A or FBP1 
nuclear localization signal mutant (NLS) (R23A/

Table 1. Patient characteristics (N=79) 

Clinicopathological Variables Number of 
patients (%)

Gender
    Male 40 (50.6%)
    Female 39 (49.4%)
Age, years
    ≤ 60 41 (51.8%)
    > 60 38 (48.2%)
Tumor size, cm
    ≤ 2 39 (49.4%)
    > 2 40 (50.6%)
Lymph node metastasis
    Negative 33 (41.8%)
    Positive 46 (58.2%)
Tumor grade
    Well or moderately differentiated (I & II) 39 (49.4%)
    Poorly differentiated (III) 40 (50.6%)
TNM stage
    Early (I & II) 45 (57.0%)
    Late (III & IV) 34 (43.0%)
Abbreviation: TNM stage, tumor-node-metastasis stage.
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Figure 1. Glutamine deprivation induces nuclear accumulation of FBP1 and inhibits PPARα-mediated β-oxidation 
gene transcription in normal lung epithelial cells but not in NSCLC cells. A. Flag-FBP1 proteins were expressed in 
BEAS-2B and A549 cells, which were then treated with or without glutamine deprivation for 6 h. Representative 
images of immunofluorescence and DAPI staining are shown. B. BEAS-2B and A549 cells were treated with or 
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without glutamine deprivation for 6 h. Cytosolic and nuclear fractions were prepared, and the expression levels of 
the indicated proteins were detected. WCL, whole cell lysate; Cyto, cytosol; Nuc, nucleus; S.E., short exposure; L.E., 
long exposure. C. BEAS-2B and A549 cells expressing Flag-FBP1 were treated with or without glutamine deprivation 
for 6 h. Immunoprecipitation analyses were performed with an anti-Flag antibody. Immunoblotting analyses were 
performed with the indicated antibodies. D. BEAS-2B and A549 cells were treated with or without glutamine depriva-
tion for 12 h. The relative mRNA levels of the indicated genes were determined. The data represent the mean ± SD 
of 3 independent experiments.
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Figure 2. Glutamine deprivation-induced and PERK-mediated FBP1 S170 phosphorylation promotes the nuclear 
accumulation of FBP1 in normal lung epithelial cells. A. BEAS-2B cells expressing Flag-FBP1 were treated with or 
without glutamine deprivation for 6 h. Immunoprecipitation analyses were performed with an anti-Flag antibody. 
Immunoblotting analyses were performed with the indicated antibodies. B. The indicated Flag-FBP1 proteins were 
expressed in BEAS-2B cells, which were pretreated with or without GSK2656157 (10 μM) for 30 min before treat-
ment with or without glutamine deprivation for 6 h. Immunoprecipitation analyses were performed with an anti-Flag 
antibody. Immunoblotting analyses were performed with the indicated antibodies. C. BEAS-2B cells were pretreated 
with or without GSK2656157 (10 μM) for 30 min before treatment with or without glutamine deprivation for 6 h. 
Nuclear fractions were prepared. Immunoblotting analyses were performed with the indicated antibodies. D. BEAS-
2B cells with or without PERK shRNA expression were treated with or without glutamine deprivation for 6 h. Nuclear 
fractions were prepared. Immunoblotting analyses were performed with the indicated antibodies. E. The indicated 
Flag-FBP1 proteins were expressed in BEAS-2B cells, which were treated with or without glutamine deprivation for 6 
h. Nuclear fractions were prepared. Immunoblotting analyses were performed with the indicated antibodies. F. The 
indicated Flag-FBP1 proteins were expressed in BEAS-2B cells treated with or without glutamine deprivation for 6 
h. IP analyses were performed with an anti-Flag antibody. Immunoblotting analyses were performed with the indi-
cated antibodies. G. BEAS-2B cells with depleted endogenous FBP1 and reconstituted expression of the indicated 
Flag-rFBP1 proteins were treated with or without glutamine deprivation for 12 h. The relative mRNA levels of the in-
dicated genes were determined. The data represent the mean ± SD of 3 independent experiments. *P < 0.05; **P 
< 0.01; ***P < 0.001; ****P < 0.0001 by two-tailed Student’s t test; N.S.: not significant by two-tailed Student’s 
t test. H. BEAS-2B cells with depleted endogenous FBP1 and reconstituted expression of the indicated Flag-rFBP1 
proteins were treated with or without glutamine deprivation for 48 h. Cell viability was measured by CCK-8 assays. 
The data represent the mean ± SD of 5 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001 by two-tailed Student’s t test; N.S.: not significant by two-tailed Student’s t test.

K24A) mutations blocked FBP1 nuclear accu-
mulation (Figure 2E) and the subsequently 
interaction with PPARα (Figure 2F) under gluta-
mine deprivation. In addition, the expression  
of PPARα-mediated β-oxidation genes induced 
by glutamine deprivation was substantially 
enhanced by reconstituted expression of RNA 
interference-resistant (r) FBP1 S170A or the 
rFBP1 NLS mutant in BEAS-2B cells (Figure 
2G). Notably, cell proliferation was decreased 
upon glutamine deprivation, but this decrease 
was alleviated by the expression of rFBP1 
S170A or the rFBP1 NLS mutant in BEAS-2B 
cells (Figures 2H, S1A). These results indicat- 
ed that glutamine deprivation-induced and 
PERK-mediated FBP1 S170 phosphorylation 
promotes FBP1 nuclear accumulation and sub-
sequently suppresses PPARα-dependent β- 
oxidation gene transcription and proliferation 
of BEAS-2B cells.

O-GlcNAcylation inhibits FBP1 nuclear translo-
cation and promotes β-oxidation gene expres-
sion and proliferation of NSCLC cells

In HCC cells, FBP1 S124 is O-GlcNAcylated by 
OGT, leading to inhibition of its nuclear translo-
cation and promotion of tumor growth [10]. 
Both O-GlcNAcylation and OGT expression were 
reported to be increased in lung squamous cell 
carcinoma tissue compared with normal lung 
tissue [20, 21]. Analyses of The Cancer Geno- 
me Atlas (TCGA) data also revealed that OGT is 

highly expressed in lung adenocarcinoma 
(LUAD) compared to normal lung tissue (Figure 
3A). Consistently, analyses of the Clinical 
Proteomic Tumor Analysis Consortium (CPTAC) 
datasets revealed elevated OGT protein level  
in LUAD (Figure 3A). To determine whether 
FBP1 is O-GlcNAcylated in NSCLC, we per-
formed an immunoprecipitation assay and 
showed that OGT expression, FBP1 O-Glc- 
NAcylation, and the interaction between OGT 
and FBP1 were notably higher in A549 cells 
than in BEAS-2B cells (Figure 3B). In addi- 
tion, depletion of OGT or ectopic expression of 
the FBP1 S124A mutant reduced FBP1 
O-GlcNAcylation and increased FBP1 S170 
phosphorylation (Figure 3C) with subsequently 
increased FBP1 nuclear accumulation (Figure 
3D) upon glutamine deprivation, suggesting 
that FBP1 S124 O-GlcNAcylation blocks FBP1 
S170 phosphorylation and nuclear transloca-
tion in NSCLC cells. Consistently, in response  
to glutamine deprivation, FBP1 S124A incre- 
ased its nuclear accumulation and its associa-
tion with PPARα in A549 cells (Figure 3E, 3F).  
In addition, PPARα-regulated β-oxidation gene 
transcription (Figure 3G) and cell proliferation 
(Figures 3H, S1B) were inhibited by the expres-
sion of rFBP1 S124A but not rFBP1 S124A/
S170A in A549 cells upon glutamine depriva-
tion. Treatment of A549 cells expressing  
FBP1 S124A with PPARα agonist GW9578 alle-
viated FBP1-S124A-induced inhibition of the 
cell proliferation (Figures 3I, S1C). Of note, 
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depletion of OGT in A549 cells decreased cell 
proliferation upon glutamine deprivation, and 
this decrease was partially rescued by the 
expression of rFBP1 S170A (Figures 3J, S1D). 
These results indicated that FBP1 S124 
O-GlcNAcylation inhibits FBP1 S170 phosphor-
ylation and its subsequent nuclear transloca-
tion, thereby promoting PPARα-regulated β- 
oxidation gene expression and cell proliferation 
in NSCLC cells.

FBP1 S170 phosphorylation inhibits tumor 
growth and is negatively correlated with poor 
prognosis in NSCLC patients

To determine the role of FBP1 in tumor deve- 
lopment, we subcutaneously injected A549 
cells with reconstituted expression of rFBP1, 
rFBP1 S124A, or rFBP1 S124A/S170A into 
athymic nude mice. We showed that expres- 
sion of rFBP1 S124A reduced tumor growth 
and tumor weight (Figure 4A, 4B). The inhibito-
ry effects of the S124A mutation were abrogat-
ed by the expression of the rFBP1 S124A/

S170A mutant with the combined mutation of 
S124A and S170A (Figure 4A, 4B). Immuno- 
histochemical (IHC) analyses showed that 
expression of rFBP1 S124A, but not rFBP1 
S124A/S170A, decreased CPT1A and Ki-67 
expression in tumor tissues (Figure 4C). These 
results suggested that FBP1 S124 O-Glc- 
NAcylation abrogates the S170 phosphoryla-
tion-dependent nuclear accumulation of FBP1 
and promotes tumor growth in mice.

Analyses of OGT protein expression in tumor 
tissues from a previously published dataset 
[22] showed that OGT protein expression was 
positively associated with poor prognosis of 
patients with LUAD (Figure S1E). In addition,  
we analyzed the TCGA dataset and showed  
that FBP1 mRNA levels were negatively as- 
sociated with poor prognosis (Figure S1F). We 
next performed IHC analyses of FBP1 S170 
phosphorylation and O-GlcNAcylation in LUAD 
(N=79) and adjacent nontumor tissue speci-
mens. Compared with adjacent nontumor tis-
sues, LUAD tissues exhibited reduced FBP1 

Figure 3. O-GlcNAcylation inhibits the nuclear translocation of FBP1 and promotes β-oxidation gene expression in 
NSCLC cells. A. Left: A TCGA dataset was used to analyze OGT expression levels in normal lung tissues and LUAD 
tissues. Normal samples: minimum, 9.876; maximum, 76.777; and median, 33.21; LUAD samples: minimum, 5.37; 
maximum, 138.023; and median, 48.894. The horizontal lines mark the median. ****P < 0.0001. Right: The 
CPTAC dataset was used to analyze OGT protein levels in normal lung tissues and LUAD tissues (https://ualcan.
path.uab.edu/analysis-prot.html). Normal samples: minimum, -2.722; maximum, 0.317; and median, -1.026; LUAD 
samples: minimum, -2.014; maximum, 2.103; and median, -0.032. The horizontal lines mark the median. ****P 
< 0.0001. B. BEAS-2B and A549 cells expressing Flag-FBP1 were harvested for immunoprecipitation analysis with 
an anti-Flag antibody. Immunoblotting analyses were performed with the indicated antibodies. C. The indicated 
Flag-FBP1 proteins were expressed in A549 cells with or without OGT shRNA expression, which were treated with 
or without glutamine deprivation for 6 h. Immunoprecipitation analyses were performed with an anti-Flag antibody. 
Immunoblotting analyses were performed with the indicated antibodies. D. A549 cells with or without OGT shRNA 
expression were treated with or without glutamine deprivation for 6 h. Nuclear fractions were prepared. Immunob-
lotting analyses were performed with the indicated antibodies. E. The indicated Flag-FBP1 proteins were expressed 
in A549 cells, which were treated with or without glutamine deprivation for 6 h. Nuclear fractions were prepared. 
Immunoblotting analyses were performed with the indicated antibodies. F. The indicated Flag-FBP1 proteins were 
expressed in A549 cells treated with or without glutamine deprivation for 6 h. Immunoprecipitation analyses were 
performed with an anti-Flag antibody. Immunoblotting analyses were performed with the indicated antibodies. G. 
A549 cells with depleted endogenous FBP1 and reconstituted expression of the indicated Flag-rFBP1 proteins were 
treated with or without glutamine deprivation for 12 h. The relative mRNA levels of the indicated genes were deter-
mined. The data represent the mean ± SD of 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001 by two-tailed Student’s t test; N.S.: not significant by two-tailed Student’s t test. H. A549 cells with 
depleted endogenous FBP1 and reconstituted expression of the indicated Flag-rFBP1 proteins were treated with 
or without glutamine deprivation for 48 h. Cell viability was measured by CCK-8 assays. The data represent the 
mean ± SD of 5 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by two-tailed 
Student’s t test; N.S.: not significant by two-tailed Student’s t test. I. A549 cells with depleted endogenous FBP1 and 
reconstituted expression of the indicated Flag-rFBP1 proteins were treated with or without glutamine deprivation 
and GW9578 (500 nM) for 48 h. Cell viability was measured by CCK-8 assays. The data represent the mean ± SD of 
5 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by two-tailed Student’s t test; 
N.S.: not significant by two-tailed Student’s t test. J. A549 cells with depleted endogenous FBP1 and reconstituted 
expression of the indicated Flag-rFBP1 proteins with or without OGT shRNA expression were treated with or without 
glutamine deprivation for 48 h. Cell viability was measured by CCK-8 assays. The data represent the mean ± SD of 
5 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by two-tailed Student’s t test; 
N.S.: not significant by two-tailed Student’s t test.
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pS170 levels and increased OGT expression 
(Figure 4D). In NSCLC specimens, the levels of 
FBP1 pS170 were negatively correlated with 
OGT expression (Figure 4E). In addition, low  
levels of FBP1 S170 phosphorylation or high 
levels of OGT expression were positively corre-
lated with worse prognosis (Figure 4F), lymph 
node metastasis, higher tumor grade and 
advanced TNM stage (Table 2, P < 0.05) in 
patients with NSCLC. 

Analysis by using the univariate Cox regression 
model revealed that higher tumor grade, TNM 
stage, OGT expression, and lower FBP1 S170 
phosphorylation were significantly associated 
with inferior overall survival (OS) (Table 3, all P 
< 0.05). In addition, after adjusting a series of 

confounding variables, including age, gender, 
tumor grade and TNM stage, higher OGT ex- 
pression (HR: 1.285, 95% CI: 1.021-1.616, 
P=0.0323) and lower FBP1 S170 phosphoryla-
tion (HR: 0.751, 95% CI: 0.593-0.952, P= 
0.0178) remained statistically significant for 
inferior OS in the multivariate Cox regression 
model (Table 3). These results suggested that 
the levels of OGT expression and FBP1 pS170 
are negatively correlated in clinical specimens 
and serve as prognostic factors for NSCLC 
patients.

Discussion and conclusions

Rapidly growing tumors, including NSCLC, gen-
erally have a greater ability than their normal 

Figure 4. FBP1 S170 phosphorylation inhibits tumor growth and is negatively associated with poor prognosis in 
NSCLC patients. A. A549 cells (4 × 106) with reconstituted expression of different FBP1 mutants were subcutane-
ously injected into the flank region of athymic nude mice (n=6 per group). The resulting tumors were resected 28 
days after injection. A representative image of tumor sizes is shown. B. The tumors in the mice were weighed. The 
data represent the mean ± SD of 6 mice. ****P < 0.0001. C. IHC analyses of the tumor tissues were performed. 
Representative images are shown. D. Representative IHC staining of OGT and FBP1 pS170 in NSCLC and adjacent 
nontumor tissues is shown. The expression levels of OGT and FBP1 pS170 in NSCLC and adjacent nontumor tissues 
were quantified and compared between NSCLC and adjacent nontumor tissues. ****P < 0.0001. E. Representative 
IHC staining of OGT and FBP1 pS170 in NSCLC tissues is shown. The correlations between the expression levels of 
OGT and FBP1 pS170 were analyzed. F. Analysis of the expression levels of OGT and FBP1 pS170 with the prognosis 
of NSCLC patients was performed.

Table 2. Correlation analyses of OGT and FBP1 pS170 expressions with patient characteristics

Clinicopathological  
Variables N

OGT Expression
chi-square 

value
P 

Value

FBP1 pS170 Expression
chi-square 

value
P 

ValueLow 
(n=36)

High 
(n=43)

Low 
(n=40) High (n=39)

Gender
    Male 40 17 23 0.308 0.579 24 16 2.844 0.092
    Female 39 19 20 16 23
Age, years
    < 60 41 17 24 0.579 0.447 21 20 0.012 0.914
    ≥ 60 38 19 19 19 19
Tumor size, cm
    ≤ 2 39 16 23 0.641 0.423 17 22 1.529 0.216
    > 2 40 20 20 23 17
Lymph node metastasis
    Negative 33 20 13 5.166 0.023 12 21 4.617 0.032
    Positive 46 16 30 28 18
Tumor grade
    I & II 39 23 16 5.58 0.018 14 25 6.691 0.010
    III 40 13 27 26 14
TNM stage
    Early (I & II) 45 26 19 6.283 0.012 17 28 6.913 0.009
    Late (III & IV) 34 10 24 23 11
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counterparts to adapt to energy stress by alter-
ing many pathways in which some metabolic 
enzymes function in a noncanonical way [23-
26]. Importantly, metabolic enzymes and 
metabolites can directly or indirectly regulate 
histone modification, promoter accessibility 
and transcription [27]. Here, we report that glu-
tamine deprivation induces PERK-dependent 
FBP1 S170 phosphorylation in normal lung epi-
thelial cells. This phosphorylation promotes 
FBP1 nuclear translocation and subsequent 
inhibition of PPARα-mediated β-oxidation gene 
transcription. However, the OGT expression 
level was much higher in human NSCLC than in 
adjacent normal tissues. Elevated OGT expres-
sion abrogates FBP1 S170 phosphorylation by 
O-GlcNAcylating FBP1 at S124, thus inhibiting 
its subsequent regulation of β-oxidation gene 
expression to ultimately support tumor cell sur-
vival and proliferation. Moreover, OGT expres-
sion and FBP1 S170 phosphorylation were 
negatively correlated with each other. Highly 
expressed OGT was associated with poor prog-
nosis of NSCLC patients, while the levels of 
FBP1 S170 phosphorylation showed the oppo-
site tendency.

Metabolic enzymes have been reported to pos-
sess noncanonical functions in tumor progres-
sion [4, 27-31]. Pyruvate kinase muscle iso-
zyme M2 (PKM2), phosphoglycerate kinase  
1 (PGK1), ketohexokinase (KHK)-A, phospho-
enolpyruvate carboxykinase 1 (PCK1), choline 
kinase (CHK) α, hexokinase 2 (HK2), and cre-
atine kinase B (CKB) can act as protein kinase 

and phosphorylate various protein substrates. 
Consequently, these metabolism enzymes 
directly regulate many instrumental cellular 
activities, such as gene expression, mitochon-
drial metabolism, glycolysis, autophagy, mito-
sis, nucleotide synthesis, lipogenesis, con-
sumption of lipid droplets, tumor cell immune 
evasion, and ferroptosis [3, 13, 17, 24, 26, 
31-38]. Interestingly, FBP1 was found to be a 
tumor suppressor that is lost in many cancers 
and was recently reported to act as a protein 
phosphatase to play a vital role in inhibiting 
cancer progression [10, 39, 40]. Our findings 
highlight the differential regulation of FBP1 in 
NSCLC cells and normal cells by manipulating 
its post-translational modification. Our results 
underscore the potential to target the moon-
lighting function of FBP1 as a strategy for lung 
cancer treatment.
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Figure S1. A. BEAS-2B cells with depleted endogenous FBP1 and reconstituted expression of the indicated Flag-
rFBP1 proteins were treated with or without low concentration of glutamine (0.4 mM). Colony-formation assay was 
performed. Left: representative images are shown. Right: colony number per well was quantified. Data represent 
the means ± SD of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 
two-tailed Student’s t test; N.S.: not significant by two-tailed Student’s t test. B. A549 cells with depleted endog-
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enous FBP1 and reconstituted expression of the indicated Flag-rFBP1 proteins were seeded treated with or without 
low concentration of glutamine (0.4 mM). Colony-formation assay was performed. Left: representative images are 
shown. Right: colony number per well was quantified. Data represent the means ± SD of three independent experi-
ments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by two-tailed Student’s t test; N.S.: not significant 
by two-tailed Student’s t test. C. A549 cells with depleted endogenous FBP1 and reconstituted expression of the 
indicated Flag-rFBP1 proteins were treated with or without low concentration of glutamine (0.4 mM) and GW9578 
(100 nM). Colony-formation assay was performed. Left: representative images are shown. Right: colony number per 
well was quantified. Data represent the means ± SD of three independent experiments. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001 by two-tailed Student’s t test; N.S.: not significant by two-tailed Student’s t test. D. 
A549 cells with depleted endogenous FBP1 and reconstituted expression of the indicated Flag-rFBP1 proteins with 
or without OGT shRNA expression were treated with or without low concentration of glutamine (0.4 mM). Colony-for-
mation assay was performed. Left: representative images are shown. Right: colony number per well was quantified. 
Data represent the means ± SD of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P 
< 0.0001 by two-tailed Student’s t test; N.S.: not significant by two-tailed Student’s t test. E. Analysis of the protein 
levels of OGT and the prognosis of LUAD patients was performed. F. Analysis of the mRNA levels of FBP1 and the 
prognosis of LUAD was performed based on TCGA database (http://gepia.cancer-pku.cn/).


