CDDpress

ARTICLE

www.nature.com/cddis

W) Check for updates

Dysfunction of the energy sensor NFE2L1 triggers
uncontrollable AMPK signaling and glucose metabolism
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The antioxidant transcription factor NFE2L1 (also called Nrf1) acts as a core regulator of redox signaling and metabolism
homeostasis, and thus, its dysfunction results in multiple systemic metabolic diseases. However, the molecular mechanism(s) by
which NFE2L1 regulates glycose and lipid metabolism remains elusive. Here, we found that loss of NFE2L1 in human HepG2 cells
led to a lethal phenotype upon glucose deprivation and NFE2L1 deficiency could affect the uptake of glucose. Further experiments
revealed that glycosylation of NFE2L1 enabled it to sense the energy state. These results indicated that NFE2L1 can serve as a dual
sensor and regulator of glucose homeostasis. The transcriptome, metabolome, and seahorse data further revealed that disruption
of NFE2L1 could reprogram glucose metabolism to aggravate the Warburg effect in NFE2L1-silenced hepatoma cells, concomitant
with mitochondrial damage. Co-expression and Co-immunoprecipitation experiments demonstrated that NFE2L1 could directly
interact and inhibit AMPK. Collectively, NFE2L1 functioned as an energy sensor and negatively regulated AMPK signaling through
directly interacting with AMPK. The novel NFE2L1/AMPK signaling pathway delineate the mechanism underlying of NFE2L1-related
metabolic diseases and highlight the crosstalk between redox homeostasis and metabolism homeostasis.
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INTRODUCTION

Redox homeostasis is a necessary prerequisite for the maintenance
of physiological responses, and the imbalance in redox homeostasis
leads to various chronic systemic diseases. Nuclear factor erythroid 2
like 1 (NFE2L1/Nrf1), a member of the cap’n’collar basic-region
leucine zipper (CNC-bZIP) family, plays a critical role in regulating
redox homeostasis [1-4]. Studies have revealed that NFE2L1 plays
an important role in metabolic pathways and influences the
development of metabolic diseases. The single nucleotide poly-
morphism on the 5'-flanking regions of the NFE2LT has been
associated with obesity [5]. The overexpression of NFE2L1 eventually
developed into diabetes mellitus in transgenic mice [6]. In mouse
pancreatic B cells, knockout of NFE2LT causes hyperinsulinemia and
glucose intolerance [7]. In adipocytes, knockout of NFE2L1 results in
disappearance of subcutaneous adipose tissue, accompanied by
insulin resistance, adipocyte hypertrophy, and obesity-related
inflammation [8]. Knockout of NFE2LT in the liver quickly causes
non-alcoholic steatohepatitis (NASH) in mice [2, 9]. All of these
results indicate that NFE2L1 is essential for maintaining the
homeostasis of lipid and carbohydrate metabolism.

Interestingly, research has shown that NFE2L1 glycosylation
mediates its cleavage and nuclear entry [10]. O-glycosylation in
the Neh6L domain of NFE2L1 can reduce the transcriptional
activity of NFE2L1 [11]. Additionally, in HepG2 cells, NFE2L1
deletion can cause cell death under glucose deprivation [12].
These studies suggest that NFE2L1 might be a key factor in
regulating glucose metabolism homeostasis by sensing glucose
levels. AMP-activated protein kinase (AMPK) plays an essential role
in regulating energy metabolism [13, 14]. Our previous research
showed that loss of NFE2L1 can disrupt AMPK signaling pathway,
and NFE2L1 disrupts the activation of AMPK signaling induced by
metformin (MET) [15]. However, MET promotes the degradation of
NFE2L1 in an AMPK-independent manner [15], indicating the
function of NFE2L1 as the upstream regulator of AMPK signaling.

Previous studies have suggested that NFE2L1 is essential for
maintaining the homeostasis of glycose and lipid metabolism. And
knockout of NFE2L1 triggers NASH in liver, the most important
metabolic organ, indicating that NFE2L1 is deeply involved in
liver metabolism. Therefore, in this study, liver-derived HepG2 cell
line was used to explore the effects of NFE2L1 deficiency on
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glucose metabolism. The results revealed the dual function of
NFE2L1 as a glucose sensor and regulator of glucose metabolism.
At the same time, we also identified the mechanism by which
NFE2L1 regulates metabolism homeostasis.

MATERIALS AND METHODS

Cell lines, culture, and transfection

The cell lines used in this study are shown in Table S1. Cells were grown in
DMEM supplemented with 10% (v/v) FBS. The experimental cells were
transfected using Lipofectamine® 3000 Transfection Kit for 8 h and then
allowed to recover from transfection in fresh medium. The kit information
is presented in Table S1.

Expression constructs and other plasmids
The expression constructs for NFE2L1 and LKB1 were constructed by
cloning the target sequences from the full-length CDS sequences of
NFE2L1 and LKBI1 into the pLVX-EGFP-puro vector. The primers used for
these expression constructs are listed in Table S1.

Establishment of lentiviral-infected cell lines

Lentiviruses for the infection of HepG2¥®™" and HepG2-*®' cells were
packaged in HEK293T cells. HEK293T cells (5 x 10°) were seeded in six-well
plates and were transfected with three plasmids (1 ug of pMD2.G, 2 ug of
psPAX2, and 3 ug of either pEGFP or pLKB1:EGFP in 1 mL of transfection
volume) when the cell confluence reached 80%. The medium was
collected and filtered using a 0.45 pm sterile filter to obtain the virus after
36-48 h. The virus was used to transduce target cells, and puromycin
(100 uM) was used to screen the infected cells.

Cell viability assay

The experimental cells were seeded in 96-well plates and processed
according to the experimental design. The cytotoxic effects of the
indicated compounds on experimental cells were determined using the
Cell Counting Kit-8 (CCK8) [16]. The absorbance at 450 nm was measured
using a microplate reader (SpectraMax iD5, USA). The kit information is
presented in Table S1.

Cellular reactive oxygen species (ROS) staining

Experimental cells were allowed to grow to reach an appropriate
confluence in six-well plates and then incubated in serum-free medium
containing 10 uM 2',7’-Dichlorodihydrofluorescein diacetate (DCFH-DA)
[17] at 37 °C for 20 min. Thereafter, the cells were washed three times with
serum-free media before the green fluorescent images were obtained by
microscopy.

Glucose uptake assay

The uptake of 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glu-
cose (2-NBDG), a fluorescent glucose analog, was used to visualize the
uptake capacity of glucose by living cells. Experimental cells were
incubated in serum-free medium containing 20 uM 2-NBDG at 37 °C for
10 min. Thereafter, the cells were washed three times with serum-free
media before the green fluorescent images were obtained by
microscopy.

RNA isolation and real-time qPCR

Total RNA was isolated from experimental cells using the RNAsimple Kit.
Then, 1 ug of total RNA was added to a reverse-transcriptase reaction to
generate the first strand of cDNA using the RevertAid First Strand Synthesis
Kit. The synthesized cDNA served as a template for qPCR with distinct
primers, which were present in the GoTaq® gPCR Master Mix. The mRNA
expression level of B-actin was selected as the optimal internal standard
control. The primers used for gPCR and kit information are shown in Table
S1.

Western bloting (WB), Co-Immunoprecipitation (Co-IP), and
protein deglycosylation reactions

Total protein extraction and WB were performed as previously described
[15]. Co-IP was also performed as previously described [18]. Before
visualization by WB, the deglycosylation reactions of samples with Endo H
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in vitro were carried out as described previously [19]. The information of all
antibodies used in this study is shown in Table S1.

Transcriptome sequencing

The cultured cells (HepG2°™ and HepG2°"™FE2") were lysed using Trizol,
and transcriptome sequencing was performed by the Beijing Genomics
Institute (BGI) with the order number of F21FTSCCKF2599_HOMdynrN. The
samples were analyzed using the BGISEQ-500 platform. The transcriptome
sequencing results are shown in Table S2.

Metabolomics testing

The HepG2*™C¢ and HepG2°MFE2! cells were digested and counted, and
cell pellets were obtained by low-speed centrifugation. Cell samples were
immediately frozen in liquid nitrogen. Metabolomics testing was
performed by the Metabolomics and Systems Biology Company, Germany;
the order number was POCMTS2016006. The samples were measured with
a Waters ACQUITY Reversed Phase Ultra Performance Liquid Chromato-
graphy device coupled with a Thermo-Fisher Exactive mass spectrometer.
Three replicates were extracted and measured for each cell type.

Electron microscopy

The adherent cells were digested with trypsin and fixed with 2.5%
glutaraldehyde. The ultrastructure of the cells was examined using a
transmission electron microscope (JEM-HT7700 model, Hitachi, Japan) at
5um, 1 um, and 500 nm scales.

Seahorse metabolic analyzer

The OCR of the cells was measured using the Seahorse XF Cell Mito Stress
Test Kit. The experiment was performed according to the manufacturer’s
instructions. The OCR was measured using a Seahorse metabolic analyzer
to characterize the cell’s oxidative phosphorylation level. The information
on Kit is shown in Table S1.

Assays of ATP and lactate levels in cells

The ATP and lactate levels in cells were determined according to the
instructions of the ATP assay kit and lactic acid assay kit. The information
on Kits is shown in Table S1.

Statistical analysis

The data are presented as a fold-changes (mean + S.D.), each of which
represents at least three independent experiments performed in triplicate.
Significant differences were statistically determined by either Student’s
t-tests or multiple analyses of variance. The statistical significance was
defined by symbols; * indicates p <0.05, whereas n.s. represents not
significant.

RESULTS
NFE2L1 deficiency disrupts cellular energy metabolism signals
and induces cell death via glucose starvation
Previous studies have shown that mice with NFE2L1 overexpres-
sion or knockout exhibit diabetes-like phenotypes [6-8]. MET has
been involved in regulating the function of NFE2L1 [15]. These
studies indicated the involvement of NFE2L1 in maintaining
glucose metabolism homeostasis. To further explore the relation-
ship between NFE2L1 and glucose metabolism, a HepG2 cell line
with NFE2LT knockdown was constructed (Fig. 1A). The glucose
deprivation experiment results showed that HepG2 cultured with
medium lacking glucose and HepG2 with NFE2L1 deficiency were
more susceptible to cell death (Fig. 1B, C). Here, WZB117 [20], a
glucose uptake inhibitor, was used to test the effects of impaired
glucose uptake on cell survival. The results showed that compared
with control group (HepGZShNC), the NFE2L1-knockdown cells
(HepG2s"NFE2LYy exhibited poor survival rate when treated with
WZB117 (Fig. 1D), which indicates that loss of NFE2L1 might
disrupt the homeostasis of energy metabolism.

As a regulator of redox homeostasis, NFE2L1 could function to
mediate oxidative stress. The results showed that the ROS level in
the control group (HepG2°™<) was increased by approximately
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Fig. 1 NFE2L1 knockdown causes HepG2 cells to be more sensitive to glucose starvation. A The total protein of HepG2*"™N® and
HepG2°"™NFE2L! cells were collected, and then, the expression of NFE2L1 and f-actin were detected by western blotting (WB). The HepG2"¢
and HepG2°MFE2LT cells were cultured in DMEM with or without glucose (2 g/L or 0 g/L) for 18 h, the morphology of cells was observed under
a microscope (B), and the survival rate of cells was detected by a CCK8 kit (C). D The HepG2°*"™N® and HepG2"""FE2L! cells were treated with
WZB117 (200 pM), and the survival rate of cells was detected at 0, 24, 48, and 72 h using a CCK8 kit. The HepG2°*"™C and HepG2MFE2L! cells
were cultured in DMEM without glucose for 6 h, and then, the reactive oxygen species (ROS) in cells were staining with DCFH-DA (10 pM) for
20 min and imaged by microscopy (E); the intensity of fluorescence was quantitated (F). The scale is 50 pm. G The total protein of HepG25"N¢

and HepGZShNF LT cells were collected, and the expression of NFE2L1, pAMPK, pACC, and B-actin were detected by WB. n > 3, *p < 0.05.

two-fold upon glucose deprivation for 6 h. In NFE2L1-knockdown
cells (HepG2°MNFE2LT) ROS levels were increased by approximately
three-fold, and cell shrinkage was observed (Fig. 1E, F). And
NFE2L1-knockdown resulted in the obvious elevation of ROS level
both in the presence and absence of glucose, indicating the high
levels of oxidative damage in NFE2L1-knockdown cells.

AMPK, the core signal of energy metabolism, is the guardian of
metabolism and mitochondrial homeostasis [21]. Western blotting
(WB) results showed that knockdown of NFE2L1 significantly
increased the phosphorylation level of AMPK and its downstream
protein acetyl-CoA carboxylase alpha (ACC) [22] (Fig. 1G),
indicating that the cells might have been in a starvation state
due to the lack of NFE2L1 in HepG2"™FE2L cells. These results
suggest that NFE2L1 functions by sensing the energy state of
the cells.

Glycolysis promotes glycosylation of NFE2L1 and NFE2L1
deficiency promotes glucose absorption

Studies have shown that NFE2L1 can be activated by the fetal
bovine serum (FBS)/mechanistic target of rapamycin kinase
(mTOR)/sterol regulatory element binding transcription factor 1
(SREBF1) pathway [23]. Accordingly, the mTOR and AMPK
signaling pathways can be affected by NFE2L1 overexpression
or knockdown [15], indicating the correlation between NFE2L1
and energy metabolism. Therefore, NFE2L1 alterations in response
to the changes of glucose and FBS concentrations were tested,
and the results showed that FBS could upregulate the total protein
content of NFE2L1 and that glucose could affect the location of
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NFE2L1 protein on the SDS-PAGE (Fig. 2A, B). The level of p-AMPK
gradually decreased with the increase of serum both in the
presence and absence of glucose (Fig. 2A). The increased glucose
slightly altered p-AMPK levels with and without FBS (Fig. 2B). And
the p-mTOR appears to be more sensitive to FBS rather than
Glucose (Fig. 2A, B).

Activation of AMPK and mTOR signals can be characterized by
the phosphorylation level of ACC and phosphorylated-ribosomal
protein S6 kinase B1 (p-S6K1) expression, respectively. In fact, as
the results showed, p-AMPK was more sensitive to FBS in HepG2
cells (Fig. 2B), whereas p-ACC was more sensitive to glucose (Fig.
2A). Interestingly, the level of p-S6K1 increased at low concentra-
tions of FBS and decreased when exposed to higher concentra-
tions of FBS (Fig. 2A). With an increase in the glucose, the level of
p-S6K1 was upregulated (Fig. 2B). In addition, FBS but not glucose
promoted protein synthesis (Fig. 2C, D). It is important to note that
the p-ACC level exhibited a strong negative relationship with the
glycosylation of NFE2L1 (Fig. 2A, B). Together with the increase of
p-ACC after NFE2L1 knockdown (Fig. 1G) and the decrease of
p-ACC induced by NFE2L1 overexpression, all these results
suggest that NFE2L1 might directly affect the enzymatic activity
of AMPK.

Studies have shown that glycosylation regulates the activity of
NFE2L1 [10, 11, 24, 25]. Here, the effects of five different
monosaccharides on NFE2L1 protein were tested. The results
showed that fructose (FRU) and mannose (MAN), similar to
glucose (GLU), could induce the production of NFE2L1 with a
larger molecular weight (Fig. 2E), which could be ascribed to the
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Fig.2 NFE2L1 is a glucose-sensitive protein. A HepG2 cells were cultured in DMEM medium with different volume ratios of FBS (0, 1.25, 2.5,
5, 10, 20%), with or without glucose (4 g/L or 0 g/L) for 16 h, and the total protein was collected, then, the expression of NFE2L1, p-AMPK, p-
ACC, p-mTOR, p-S6K1, and f-actin were detected by WB. B HepG2 cells were cultured in DMEM medium with different concentrations of
glucose (0, 0.5, 1, 2, 4, or 8 g/L), with or without FBS (10% or 0%) for 16 h, and the total protein was collected; then, the expression of NFE2L1,
p-AMPK, p-ACC, p-mTOR, p-S6K1, and f-actin was detected by WB. C The total protein change in the sample in (A), based on staining with
Coomassie brilliant blue. D The total protein change in the sample in (B) based on staining with Coomassie brilliant blue. E HepG2 cells were
subjected to glucose starvation for 4 h and then cultured in DMEM with glucose (GLU; 2 g/L), fructose (FRU; 30 mM), galactose (GAL; 30 mM),
mannose (MAN; 30 mM), and ribose (RIB; 30 mM) for 4 h. The total protein was collected and the expression of NFE2L1 and p-actin were
detected by WB. F HepG2 cells were cultured in DMEM with GLU (0 g/L), GLU (2 g/L), FRU (30 mM), or MAN (30 mM) for 4 h, the total protein
was collected, and Endo H was used to deglycosylate the glycated proteins in vitro; then, the expression of NFE2L1 and f-actin were detected
by WB. G HepG2 cells were subjected to glucose starvation for 4 h and then treated with GLU (2 g/L), GLU (2 g/L) + 2-deoxy-p-glucose (2DG;
20 mM), or GLU (2 g/L) + oligomycin (OM; 10 uM), and the total protein was collected after 4 h; then, the expression of NFE2L1, p-AMPK, p-
ACC, p-mTOR, p-S6K1, and p-actin were detected by WB. H HepG2 cells were subjected to glucose starvation for 4 h and then treated with GLU
(2 g/L), fructose-1,6-bisphosphate (FBP; 30 mM), or pyruvate (PYR; 30 mM) for 4 h, the total protein was collected, and then, the expression of

NFE2L1 and p-actin were detected by WB.

glycosylation of NFE2L1 protein, as revealed by the de-
glycosylation experiment shown in Fig. 2F. In contrast, galactose
(GAL) and ribose (RIB) had no effects on NFE2L1 (Fig. 2F).

The catabolism of carbohydrates mainly occurs with anaerobic
glycolysis in the cytoplasm and aerobic oxidation in the
mitochondria. In HepG2 cells, treatment with 2-Deoxy-b-glucose
(2DG, a glycolysis inhibitor) [26] effectively inhibited glycosylation
of NFE2L1. Inhibition of the oxidative phosphorylation process
using oligomycin (OM) [27] decreased the total expression level of
NFE2L1 (Fig. 2G). Further results showed that fructose-1,6-bispho-
sphate (FBP), the intermediate product of the glycolysis, induced
the glycosylation of NFE2L1, whereas the end product pyruvate
(PYR) had no such effects (Fig. 2H). These results suggest that the
glycosylation modification of NFE2L1 is regulated by glycolysis
rather than oxidative phosphorylation.

Our previous studies showed that NFE2L1 could be inhibited by
MET, and the activation of AMPK signaling induced by MET could
be disrupted by NFE2L1 knockdown [15]. Studies have shown that
MET promotes glucose uptake in HepG2 [28]. Interestingly, here
we found that NFE2L1 knockdown counteracted the effects of
MET on glucose uptake in HepG2 (Fig. 3A, B). It should be

SPRINGER NATURE

commented here that glucose uptake was significantly increased
by knocking down NFE2L1 that is likely the reason for a masked
effect of MET. These data indicated that the promotion of glucose
uptake mediated by MET in HepG2 might be related to NFE2L1.
Subsequently, the changes in glucose transporter genes in the
transcriptome data were assessed, and the data showed that after
NFE2L1 knockdown, solute carrier family 2 member 1 (SLC2A1/
GLUTT) and SLC2A13 increased, whereas SLC2A3, SLC2A6, and
SLC2A8 decreased (Fig. 3C). The quantitative PCR (gqPCR) results
showed that SLC2A3 expression was significantly reduced,
whereas SLC2A4 and SLC2A6 were obviously increased (Fig. 3D).
The SLC2A2, SLC2A5, SLC2A7, and SLC2A9 could not be detected by
gPCR, which might be due to the low or lack of expression of
these genes. Next, the protein levels of glucose transporters were
detected. The results showed that the protein expression level of
GLUT3 was significantly increased after NFE2L1 knockdown (Fig.
3E), indicating that the increase in glucose uptake caused by
NFE2L1 knockdown might be related to GLUT3. Studies have
reported that low-glucose stress dramatically upregulated GLUT3
via the AMPK signaling pathway [29], which is consistent with the
activated AMPK after NFE2L1 knockdown.

Cell Death and Disease (2022)13:501
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Fig.3 NFE2L1 affect the uptake of glucose by HepG2 cells. A HepG2°"™< and HepG2°"NFE2L! cells were treated with metformin (MET; 1 mM)
for 12 h and then incubated in serum-free medium containing 20 uM of 2-NBDG at 37 °C for 10 min and the green fluorescent images were
achieved by microscopy, the scale is 50 pm. B The statistics show the results in (A). C Transcripts Per Million (TPM) value of SLC2AT, SLC2A2,
SLC2A3, SLC2A4, SLC2A5, SLC2A6, SLC2A7, SLC2A8, SLC2A9, SLC2A10, SLC2A11, SLC2A12, SLC2A13, and SLC2A14 genes related to glucose uptake by
cells; data originated from transcriptome sequencing. D Expression of SLC2A7-9 genes in HepG2°M™< and HepG2*"™FE2! cells as detected by
qPCR. SLC2A2, SLC2A5, SLC2A7, and SLC2A9 were not detected based on a lack of or extremely low expression, and S-actin was used as the
internal control. E Expression of NFE2L1, GLUT1, GLUT3, GLUT4, and f-actin in HepG2*"™N® and HepG2"NFE2L! cells as detected by western

blotting. n >3, *p < 0.05, ‘n.s.’ means ‘not significant.

NFE2L1 deficiency results in the reprogramming of glucose
metabolism and exacerbates the Warburg effect

The aforementioned results revealed the function of NFE2L1 in
regulating glucose uptake. Next, the effects of NFE2L1 knockdown
on the key rate-limiting enzymes involved in glycolysis, gluco-
neogenesis, and the tricarboxylic acid (TCA) cycle were tested (Fig.
4A). As shown in Fig. 4B, the increase of heme oxygenase 1
(HMOXT) and prostaglandin-endoperoxide synthase 2 (PTGS2) and
the decrease of PTGST were detected in the NFE2L1 knockdown
cells [3]. HK1, which encodes the key enzyme in catalyzing the
conversion of glucose to glucose-6-phosphate, was significantly
increased. PFKL and phosphofructokinase (PFKM), which catalyze
the conversion of fructose-6-phosphate to fructose-1,6-bispho-
sphate, were reduced. PKM, the enzyme critical for catalyzing
phosphoenolpyruvate to pyruvate, was increased. No apparent
change of DLD, the gene encoding the enzyme in catalyzing the
entry of pyruvate into the TCA cycle, was detected. Expression of
the pyruvate carboxylase (PC) was significantly reduced, indicating
that the metabolic flow from glycolysis to the TCA cycle might be
restricted (Fig. 4Q).

The expression of genes encoding key enzymes involved in the
TCA cycle was detected. The results showed that citrate synthase
(CS) and oxoglutarate dehydrogenase (OGDH) exhibited no
significant changes in mRNA levels. Isocitrate dehydrogenase
(NADP(+)) 1 (IDH1), which encodes the enzyme involved in
catalyzing isocitrate to a-oxoglutarate, was reduced. Moreover,
IDH2 and IDH3G levels were upregulated (Fig. 4D).
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Phosphoenolpyruvate carboxykinase 2 (PCK2) and fructose-
bisphosphatase 1 (FBP1), encoding the key rate-limiting enzymes
in gluconeogenesis, were significantly increased, whereas no
difference in glucose-6-phosphatase catalytic subunit 3 (G6PC3) was
detected (Fig. 4E), indicating that the gluconeogenesis process
might be enhanced in the absence of NFE2L1.

The WB results showed that NFE2L1 knockdown could
efficiently elevate the expression of NFE2L2, HMOX1, and PTGS2
and decrease Kelch-like ECH associated protein 1 (KEAP1) (Fig. 4F),
which was consistent with our previous results [3]. The increased
HK1 means enhanced glycolysis. The increased PCK2 indicated the
enhancement of gluconeogenesis. Whereas the decreased PC
implied the process from anaerobic glycolysis to aerobic oxidation
was inhibited. Consistently, the transcriptome data also suggested
that glycolysis and gluconeogenesis were enhanced after NFE2L1
knockdown in HepG2 cells (Fig. 4G). These results indicated that
NFE2L1 deficiency might trigger the Warburg effect.

Analysis of metabolomic data showed that in the NFE2L1-
knockout HepG2 cells, the content of glucose metabolism
intermediate products, glucose, and pyruvate, was increased,
and amino acids closely related to glycolysis intermediate
products were significantly increased, including glycerate, valine,
isoleucine, leucine, cysteate, cysteine, serine, glycine, and threo-
nine (Fig. 4H). Malate, 2-oxoglutarate, and cis-aconitate, the
intermediate products of the TCA cycle, were significantly reduced
(Fig. 4H). These results implied that the absence of NFE2L1
produced an enhanced Warburg effect.

SPRINGER NATURE



L. Qiu et al.

A B * C N
12 - HepGZSth 14 ‘\0 ‘\Q@‘Ty
Glucose ) [ HepG2shNFE2L P ‘l‘:}\ ‘ﬁv
G6PC HK g3 * g N
Glucose-6-phosphate -5 -s ,Q:kg: _—
32 3 \ NFE2L1
L L
Fructose-6-phosphate .g .g 1 g—!
FBP1 PFKL 34 B % o KEAP1
Fructose-1,6-bisphosphate x * x ‘ NFE2L2
*
V]
A A A \% (v} - - HMOX1
Phosphoenolpyruvate 'L\' °+ 0‘" 0(‘;1’ @\L \ng Q* ?$* Q‘(‘* Q o\’o
Q(’/ N\ Q'( A LA
PKM W 3 " PTGS2
Pyruvate DLD D 2.0 .HepG2s"N° .HeszshNFE2L1 E 4 .. % - HK1
PCK *
) * o |FF - PFKL
PC Acetyl-CoA 211 5 2 38
g e s PKM
Oxaloaceta!e Q’cm’aﬁ -5 -5 l\é E
kel T 2 7~
t 210 B28° o PC
g Malale Isocitrate g g = - W IDH1
PR Zos H Ly W e IDH2
é Fumarate a-Oxoglutarate g o !
‘oGoH " 8 L - PCK2
. 9 A\ J » O O O PN U .
- > CoA %) » » %l %) ) ") () Q - —— (-actin
o \oY\ W \0\)‘ 00 e@? Q$ ?O
G 4000
. HepGZSth . HeP62ShNFE2L1
3300k = simE REE B S S S S NN SN IS S S A e e S B
[
]
o
)
& 200
S
©
>
E 100 I II
: | il
o
¢ JHN a8 HN B BN e BN MR R nd BN RR RN DR B .8
0 lI._II.lI._II._II._II._II._II._II._II.lI._II._II._II._II.J.lI.
A 9 v 0\ 0\ O Q 9 A V2 > O (© O % A U
¢ A W0 o o 3 3 v g W
AR S A L O S L S R
H Relative fold ch
St elative fold change
gluconate - glucose cysteate g after NFE2L1 Knockout
/ ‘ T TGA Gyele 0- , ]
glucose-P . glucose-6P _ Elycelysis [ Glusencegenesis
‘ }
v \
glycerate < » glycerate-3P <« » phosphoserine — » serine - glycine <> threonine
A
v
valine phosphoenal pyruvate alanine - aspartate —»  asparagine
L e
] \\ \
isoleucine - - _—» oxaloacetate <—>_<—> fumarate - succinate
# ¢ A
» y
leucine ! acetyl-CoA - » citrate <—>_<—> isocitrate _

NFE2L1 knockdown causes damage to mitochondrial function
Consistent with our results, previous studies have shown that the
overexpression and knockout of NFE2L1 could alter glucose
metabolism through different mechanisms, such as ROS, insulin
secretion, and liver metabolism [6, 7, 12]. The TCA cycle in the
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mitochondria was inhibited once NFE2L1 was knocked down
(Fig. 4), indicating the involvement of NFE2L1 on mitochondrial
function. Electron microscopy results showed that NFE2L1 knock-
down significantly reduced the number of mitochondria. The size
of mitochondria with NFE2L1 knockdown seemed much smaller,

Cell Death and Disease (2022)13:501
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Fig.4 Knockdown of NFE2L1 leads to reprogramming of glucose metabolism. A The schematic diagram of glycolysis, glcuconeogenesis, and

TCA metabolism processes and key enzymes. B The expression of NFE2L1, HMOX1, PTGS1, and PTGS2 genes in HepG2*"

and HepG2:MNFE2LT

cells as detected by qPCR; B-actin was used as the internal control. C The expression of HK1, HK2, PFKL, PFKM, PKM, PC, and DLD genes in
HepG2°"™C and HepG2*"™FE2L! cells as detected by qPCR; B-actin was used as the internal control. D The expression of CS, IDH1, IDH2, IDH3A,
IDH3B, IDH3G, and OGDH genes in HepG2°™¢ and HepG2*"NTE2L! cells as detected by qPCR; B-actin was used as the internal control. E The
expression of NFE2L1, G6PC3, FBP1, and PCK2 genes in HepG2°"™N® and HepG2°MNFE2L! cells as detected by qPCR; B-actin was used as the internal
control. F The expression of NFE2L1, KEAP1, NFE2L2, HMOX1, PTGS2, HK1, PFKL, PKM, PC, IDH1, IDH2, PCK2, and f-actin in HepG2°"™¢ and
HepG2sMFE2LT cells as detected by western blotting. G The expression of key enzymes for glucose metabolism in the transcriptome data.
H The results of the metabolome showed the effect of NFE2L1 on central metabolism. n > 3, *p < 0.05.

and the ridge-like structure was significantly reduced (Fig. 5A, B).
In NFE2L1-knockdown cells, accumulation of lipid droplets was
observed, consistent with the lipid accumulation induced by
specific NFE2L1 knockout in mouse liver [2]. Consistently, studies
have shown that AMPK can promote mitochondrial division and
mitochondrial autophagy [30, 31], suggesting that alterations to
mitochondria caused by NFE2L1 knockdown might be related to
the increased AMPK activity.

By testing the oxygen consumption rate (OCR) of the cells, it
was found that oxygen consumption by the cells was reduced to
approximately 40% of the control group after NFE2L1 knockdown
(Fig. 5C). The oxygen consumption of control cells was reduced by
41.56 £6.04% after adding OM, an oxidative phosphorylation
inhibitor. However, in the NFE2L1-knockdown cells, it was reduced
by 22.31+7.79% (Fig. 5C) indicating that the proportion of
adenosine triphosphate (ATP) produced by mitochondrial respira-
tion was significantly reduced after NFE2L1 knockdown. In the
control group, the ATP content was reduced after treatment with
2DG or OM (Fig. 5D). In addition, the lactate content significantly
increased after NFE2L1 knockdown (Fig. 5E). These results
indicated that mitochondrial function was severely impaired after
NFE2L1 knockdown.

In cells lacking NFE2L1, although mitochondrial function was
impaired and the oxidative phosphorylation process was inhib-
ited, the ATP content increased more than two-fold (Fig. 5D). This
means that compared with those in the control group, cells
lacking NFE2L1 needed to consume more glucose to produce ATP
through glycolysis. This might be the reason why the lack of
NFE2L1 led to increased cellular glucose uptake and cell death
induced by glucose deprivation. No significant differences in
genes related to ATP synthesis were observed (Fig. 5F, G) despite
the effect of NFE2L1 deficiency on mitochondrial characteristics,
indicating that NFE2L1 might indirectly regulate the total amount
of ATP. It is worth noting that NFE2L1 knockdown could still
activate AMPK in the presence of high ATP concentrations (Fig.
1G), suggesting that the influence of NFE2L1 on AMPK might
occur through interfering the perception of ATP and/or adenosine
monophosphate (AMP) by AMPK in cells.

NFE2L1 interacts with AMPK and inhibits its phosphorylation
via Serine/Threonine Kinase 11 (STK11/LKB1)

In the low-energy state, the ATP content in the cell decreases
while the AMP content increases, which could induce LKB1 to
phosphorylate  AMPK [32-34]. The overexpression of LKB1
activated AMPK signaling and significantly inhibited the protein
expression of NFE2L1 but showed no obvious effects on the
mRNA level of NFE2L1 (Fig. 6A, B), indicating the concurrence of
NFE2L1 reduction and phosphorylated AMPK increase. To verify
the effect of NFE2L1 on LKB1-induced AMPK phosphorylation,
LKB1-overexpressing and NFE2L1-knockdown HepG2 cells were
constructed. In cells with NFE2L1 deficiency, the overexpression of
LKB1 did not further increase AMPK phosphorylation (Fig. 6C, D).
Glucose starvation (GS) experiment results showed that GS
incubation for 2 h significantly increased AMPK phosphorylation,
and GS could still further increase AMPK phosphorylation after
LKB1 overexpression (Fig. 6C, D). The cumulative effects of LKB1
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overexpression and GS treatment on AMPK phosphorylation levels
suggested that the response of AMPK to low-energy states might
not completely depend on LKB1. In the NFE2L1-knockdown cells,
with an increase in basal AMPK phosphorylation, although GS
treatment further increased AMPK phosphorylation, the cumula-
tive effect of LKB1 overexpression and GS treatment disappeared
(Fig. 6C, D), suggesting that NFE2L1 indeed affected the
phosphorylation modification of AMPK by LKB1. Consistently,
the co-expression experiments showed that overexpression of
NFE2L1 could significantly inhibit the phosphorylation of AMPK by
LKB1, especially AMPKa2 (Fig. 6E).

Subsequently, truncated proteins of NFE2L1 were used to
investigate the structure-dependent inhibition of AMPK by NFE2L1
(Fig. 6F). In HEK293T-BT-EGFP ce|| |ine, which stably overexpressed
LKB1:EGFP protein, AMPKal, and AMPKa2 were co-expressed
with NFE2L1 and the truncated proteins. The results showed that
NFE2L12N", the truncated NFE2L1 protein without the 1-50aa
region and lost its membrane-bound structure, could still inhibit
the phosphorylation of AMPK (Fig. 6G). NFE2L12%%, which lacked
442aa on the C-terminal of NFE2L1, lost its inhibitory effect on
AMPK (Fig. 6G). And the NFE2L14%, lacking the Neh3L and Neh1L
domains of NFE2L1, could inhibit AMPK, whereas the NFE2L14¢",
which lacking the Neh3L, Neh1L, and Neh6L domains of NFE2L1,
failed to inhibit the phosphorylation of AMPK (Fig. 6H). These
results suggest that Neh6L is an essential domain involved in
mediating AMPK inhibition by NFE2L1.

Our previous study revealed that the inhibition of NFE2L1
protein by MET mainly relied on its NTD region. Interestingly, it
was found that despite retaining the Neh6L region, the NFE2L14M?,
which missing the NTD region, also lost its inhibitory effect on
AMPK (Fig. 6l, J). Thus, both the NTD and Neh6L of NFE2L1 were
identified as necessary for its inhibition of AMPK. Subsequently,
the Co-IP experiments showed that NFE2L12" with the absence of
the Neh6L region could still function to interact with AMPK
(Fig. 6K), while NFE2L1°"? that lacking the NTD region lost the
ability to interact with AMPK (Fig. 6L). These results suggest that
NFE2L1 binds to AMPK through the NTD region and mediates the
inhibitory effect on AMPK via the Neh6L region.

DISCUSSION
NFE2L1 is essential for maintaining intracellular redox homeostasis,
which is critical for cells to maintain normal metabolic processes.
The increased glucose uptake caused by NFE2L1 knockdown might
be related to the elevated GLUT3 expression (Fig. 3). However, the
interaction between NFE2L1 and GLUT3, the transporter with the
highest affinity for glucose [35], had not been explored. It is worth
mentioning that the glycosylation and deglycosylation of NFE2L1
are necessary to activate its transcription factor activity to maintain
redox homeostasis [19]. Meanwhile, the glycosylation of
NFE2L1 strictly depended on glycolysis (Fig. 2E-H). These results
suggest that NFE2L1 functions as a key factor in mediating glucose
homeostasis and redox homeostasis in cells.

Studies have shown that NFE2L1 is sensitive to environmental
nutrients [23]. However, the growth of cells lacking NFE2L1 depended
almost solely on glucose. By detecting the key rate-limiting enzymes
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Fig. 5 The effect of NFE2L1 knockdown in HepG2 cells on the morphology and function of mitochondria. The morphology of mitochondria
in HepG2°™C< cells (A) and HepG2°"™FE2-" cells (B) were detected by electron microscopy. € The oxygen consumption rate (OCR) of HepG2*"™N© and
HepG2"NFE2L! calls were measured with the Seahorse XF Cell Mito Stress Test Kit. D The HepG2™© and HepG2*"™NE2Y" cells were treated with 2-
deoxy-p-glucose (2DG; 20 mM) or oIi%om cin (OM; 10 uM) for 12 h, and the content of ATP in cells were detected with an ATP assay kit. E The content
of lactate in HepG2°™ and HepG2™NE?L! cells were detected with a lactic Acid assay kit. F The TPM values of ATPAF1, ATPAF2, ATP5F1A, ATP5F1B,
ATP5F1C, ATP5F1D, ATP5FIE, ATP5IF1, ATPSMC1, ATPSMC2, ATPSMC3, ATPSMD, ATPSME, ATPSMF, ATPSMG, ATPSMGL, ATPSMPL, ATP5PB, ATP5PD, ATP5PF,
ATP5PO, and CLPB genes related to ATP synthesis in mitochondria in HepG2*™< and HepG2*"™ ™" cells; data originated from transcriptome
sequencing. G The total TPM values of genes in (F). n >3, *p < 0.05, 'n.s/ means ‘not significant’
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involved in glucose metabolism and the proteomics of glucose
metabolites, we found that the loss of NFE2L1 significantly inhibited
the oxidative phosphorylation process and enhanced glycolysis and
gluconeogenesis (Fig. 4). Obviously, NFE2L1 deficiency in HepG2
triggered the enhancement of the Warburg effect, which might be
the reason for the occurrence of spontaneous NASH that can finally
develop into HCC in the liver of NFE2L1-knockout mice [2]. Here, we
observed that the knockdown of NFE2L1 caused mitochondrial
damage (Fig. 5). OM, an inhibitor of oxidative phosphorylation, barely
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inhibited ATP production in HepG2°"™FE2-" cells, indicating that these
ATP were rarely produced by oxidative phosphorylation (Fig. 5D).
Interestingly, mitochondrial damage is considered to be the main
source of excess ROS which could reversely cause mitochondrial
damage [36]. The negative regulation of AMPK signaling by ROS has
been analyzed [37]. However, the high ROS level and activated
AMPK signals coexist in NFE2L1-knockdown cells (Fig. 1), suggesting
that NFE2L1 may be directly involved in the negative regulation of
AMPK. Under normal circumstances, high levels of ATP can inhibit
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10

Fig. 6 NFE2L1 disrupts the phosphorylation of AMPK mediated by LKB1 by directly interacting with AMPK. A The expression of LKB1, p-
AMPK, p-ACC, NFE2L1, HO1, and p-actin in HepG25°"® and HepG2'K®' cells were detected by WB. HepG25°" and HepG2-*®'! cells were
constructed via lentiviral infection. B The expression of LKBT and NFE2LT in HepG25®F* and HepG2'¥®' cells was detected by qPCR, with -actin
used as the internal control. C HepG25°"P, HepG2K®!, HepG2°MNC, and HepG2s"NFE2L1LKBT ca|is were treated with glucose starvation (GS) for
4 h, and the expression of NFE2L1, LKB1, p-AMPK, p-ACC, and f-actin were detected by WB. D Relative fold-changes in p-AMPK in (C). E The
PAMPKa1::EGFP and pAMPKa2::EGFP were co-transfected with pEGFP, pLKB1:EGFP, pNFE2L1 plasmids into HEK293T cells, respectively. And the
expression of p-AMPK, EGFP, NFE2L1, LKB1, HO1, and p-actin were detected by WB. F Schematic diagram of NFE2L1 truncated protein. The
PAMPKa1:EGFP, pAMPKa2::EGFP were co-transfected with pNFE2L1, pNFE2LTANT, pNFE2LTA? (G) or pLVX, pNFE2L12S, pNFE2LTAS" (H) or pLVX,
pNFE2LTNT, pNFE2L12M2 (1) into HEK293T-LKB1:EGFP cells, respectively. And the expression of p-AMPK, EGFP, and NFE2L1 were detected by
WB. J Statistical analysis of the changes of p-AMPKa2 in (G-I). K The pAMPKa1:EGFP and pAMPKa2:EGFP were co-transfected with pNFE2LT4¢
and pNFE2L14¢" plasmids into HEK293T cells, respectively. And the total protein was collected with non-denaturing lysate buffer after 48 h. The
specific antibody for NFE2L1was used for Co-IP experiments; then EGFP, NFE2L1 and B-actin were detected by WB. L The pAMPKa2::EGFP,
PNFE2L1AN, pNFE2L14M? plasmids were co-transfected into HEK293T cells, and the total protein was collected with non-denaturing lysate
buffer after 48 h. The specific antibody for EGFP was used for Co-IP experiments; then EGFP, NFE2L1, and B-actin were detected by WB. M The

model diagram of NFE2L1 involved in regulating AMPK signaling. n > 3, *p < 0.05.
<

AMPK to maintain energy homeostasis. The co-existence of high ATP
content and highly activated AMPK signals in HepG2*"™FE2E! cells
revealed the negative feedback regulation of AMPK signals have
been destroyed or invalidated.

As an environment-sensitive protein, NFE2L1 alters in response
to various stresses, even environmental temperature changes
[4, 38]. As a transcription factor NFE2L1 could directly regulate the
expression of thousands of genes [39, 40]. And NFE2L1, with a
half-life of approximately 0.5h, is always undergoing dynamic
synthesis and degradation [15]. These characteristics allow NFE2L1
to mediate the interaction and communication between internal
homeostasis and the external environment. Here, we determined
that the phosphorylation of AMPK induced by MET [15] and LKB1
(Fig. 6C) is dependent on the decrease of NFE2L1. Therefore, we
believe that the binding and inhibition of AMPK by NFE2L1 may
be a normal state in cells, and the degradation of NFE2L1 in low-
energy state or other stress is a necessary prerequisite for the
activation of AMPK phosphorylation (Fig. 6M). Researchers have
found that MET activates AMPK through PEN2/ATP6AP1/v-ATPase/
Ragularor/AXIN/LKB1 pathway [41], and AMP drives AXIN to
directly tether LKB1 to phosphorylate AMPK [34]. According to
these factors, the scientific questions involved need further
exploration including the identification of the molecule that
relieves the direct binding and inhibition of AMPK by NFE2L1
during AMPK activation, whether NFE2L1 is degraded by the
lysosomal pathway, and whether the oxidative stress regulates
energy metabolism through the NFE2L1-AMPK axis.

In summary, we found that NFE2L1 could act as a sensor and
regulator of glucose homeostasis, and impaired NFE2L1 caused
the reprogramming of glucose metabolism, damaged the
mitochondria, and aggravated the Warburg effect. As a main
regulator of redox homeostasis, NFE2L1 was identified as a critical
factor to mediate the negative regulation of AMPK signaling by
directly interacting with AMPK. The novel NFE2L1/AMPK signaling
pathway discovered in this study not only revealed the underlying
mechanism of NFE2L1-related metabolic diseases but also high-
light the crosstalk between redox homeostasis and metabolism
homeostasis. These findings could deepen the understanding of
the molecular mechanism through which NFE2L1 regulates
metabolism and redox homeostasis, which is valuable for
targeting NFE2L1 to prevent or treat systemic diseases.

DATA AVAILABILITY

All data are available in this manuscript and supplementary files.

REFERENCES

1. Chen LY, Kwong M, Lu RH, Ginzinger D, Lee C, Leung L, et al. Nrf1 is critical for
redox balance and survival of liver cells during development. Mol Cell Biol.
2003;23:4673-86.

SPRINGER NATURE

2. Xu ZR, Chen LY, Leung L, Yen TSB, Lee C, Chan JY. Liver-specific inactivation of the
Nrf1 gene in adult mouse leads to nonalcoholic steatohepatitis and hepatic
neoplasia. Proc Natl Acad Sci USA. 2005;102:4120-5.

3. Qiu L, Wang M, Hu S, Ru X, Ren Y, Zhang Z, et al. Oncogenic activation of Nrf2,
though as a master antioxidant transcription factor, liberated by specific
knockout of the full-length Nrf1 alpha that acts as a dominant tumor repressor.
Cancers. 2018;10:520.

4. Zhang YG, Xiang YC. Molecular and cellular basis for the unique functioning of
Nrf1, an indispensable transcription factor for maintaining cell homoeostasis and
organ integrity. Biochem J. 2016;473:961-1000.

5. Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, Jackson AU, et al.
Association analyses of 249,796 individuals reveal 18 new loci associated with
body mass index. Nat Genet. 2010;42:937-48.

6. Hirotsu Y, Higashi C, Fukutomi T, Katsuoka F, Tsujita T, Yagishita Y, et al. Tran-
scription factor NF-E2-related factor 1 impairs glucose metabolism in mice. Genes
Cells: Devoted Mol Cell Mech. 2014;19:650-65.

7. Zheng HZ, Fu JQ, Xue P, Zhao R, Dong J, Liu DX, et al. CNC-bZIP protein Nrf1-
dependent regulation of glucose-stimulated insulin secretion. Antioxid Redox
Sign. 2015;22:819-31.

8. Hou YY, Liu ZY, Zuo Z, Gao TC, Fu JQ, Wang HH, et al. Adipocyte-specific defi-
ciency of Nfe2l1 disrupts plasticity of white adipose tissues and metabolic
homeostasis in mice. Biochem Biophys Res Commun. 2018;503:264-70.

9. Parola M, Novo E. Nrf1 gene expression in the liver: A single gene linking oxi-
dative stress to NAFLD, NASH and hepatic tumours. J Hepatol. 2005;43:1096-7.

10. Zhang YG, Ren YG, Li SJ, Hayes JD. Transcription factor Nrf1 is topologically
repartitioned across membranes to enable target gene transactivation through
its acidic glucose-responsive domains. PLoS One. 2014;9:e93458.

11. Chen JY, Liu XP, Lue FL, Lu XP, Ru Y, Ren YG, et al. Transcription factor Nrf1 is
negatively regulated by its O-GlcNAcylation status. FEBS Lett. 2015;589:2347-58.

12. Zhu YP, Zheng Z, Xiang YC, Zhang YG. Glucose starvation-induced rapid death of
Nrf1 alpha-deficient, but not Nrf2-deficient, hepatoma cells results from its fatal
defects in the redox metabolism reprogramming. Oxid Med Cell Longev.
2020;2020:4959821.

13. Garcia D, Shaw RJ. AMPK: Mechanisms of cellular energy sensing and restoration
of metabolic balance. Mol Cell. 2017;66:789-800.

14. Lin SC, Hardie DG. AMPK: Sensing glucose as well as cellular energy status. Cell
Metab. 2018;27:299-313.

15. Gou S, Qiu L, Yang Q, Li P, Zhou X, Sun Y, et al. Metformin leads to accumulation
of reactive oxygen species by inhibiting the NFE2L1 expression in human
hepatocellular carcinoma cells. Toxicol Appl Pharm. 2021;420:115523.

16. Ishiyama M, Miyazono Y, Sasamoto K, Ohkura Y, Ueno K. A highly water-soluble
disulfonated tetrazolium salt as a chromogenic indicator for NADH as well as cell
viability. Talanta. 1997;44:1299-305.

17. Szychowski KA, Rybczynska-Tkaczyk K, Leja ML, Wojtowicz AK, Gminski J. Tetra-
bromobisphenol A (TBBPA)-stimulated reactive oxygen species (ROS) production
in cell-free model using the 2',7"-dichlorodihydrofluorescein diacetate (H2DCFDA)
assay-limitations of method. Environ Sci Pollut Res Int. 2016;23:12246-52.

18. Wang HF, Sun YX, Zhou XM, Chen CX, Jiao L, Li WQ, et al. CD47/SIRP alpha
blocking peptide identification and synergistic effect with irradiation for cancer
immunotherapy. J Immunother Cancer. 2020;8:c€000905.

19. Zhang Y, Lucocq JM, Yamamoto M, Hayes JD. The NHB1 (N-terminal homology
box 1) sequence in transcription factor Nrfl is required to anchor it to the
endoplasmic reticulum and also to enable its asparagine-glycosylation. Biochem
J. 2007;408:161-72.

20. Liu Y, Cao YY, Zhang WH, Bergmeier S, Qian YR, Akbar H, et al. A small-molecule
inhibitor of glucose transporter 1 downregulates glycolysis, induces cell-cycle

Cell Death and Disease (2022)13:501



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

arrest, and inhibits cancer cell growth in vitro and in vivo. Mol Cancer Ther.
2012;11:1672-82.

Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial home-
ostasis. Nat Rev Mol Cell Biol. 2018;19:121-35.

Corton JM, Gillespie JG, Hardie DG. Role of the AMP-activated protein kinase in
the cellular stress response. Curr Biol. 1994;4:315-24.

Zhang YN, Nicholatos J, Dreier JR, Ricoult SJH, Widenmaier SB, Hotamisligil GS,
et al. Coordinated regulation of protein synthesis and degradation by mTORC1.
Nature. 2014;513:440.

Lehrbach NJ, Breen PC, Ruvkun G. Protein sequence editing of SKN-1A/Nrf1 by
peptide:N-glycanase controls proteasome gene expression. Cell. 2019;177:737-50
e715.

Yang K, Huang R, Fujihira H, Suzuki T, Yan N. N-glycanase NGLY1 regulates
mitochondrial homeostasis and inflammation through NRF1. J Exp Med.
2018;215:2600-16.

Marsh J, Mukherjee P, Seyfried TN. Drug/diet synergy for managing malignant
astrocytoma in mice: 2-deoxy-D-glucose and the restricted ketogenic diet. Nutr
Metab. 2008;5:33.

Jastroch M, Divakaruni AS, Mookerjee S, Treberg JR, Brand MD. Mitochondrial
proton and electron leaks. Essays Biochem. 2010;47:53-67.

Cai LY, Jin X, Zhang JN, Li L, Zhao JF. Metformin suppresses Nrf2-mediated
chemoresistance in hepatocellular carcinoma cells by increasing glycolysis.
Aging. 2020;12:17582-17600.

Dai WX, Xu Y, Mo SB, Li QG, Yu J, Wang RJ, et al. GLUT3 induced by AMPK/CREB1
axis is key for withstanding energy stress and augments the efficacy of current
colorectal cancer therapies. Signal Transduct Tar. 2020;5:177.

Toyama EQ, Herzig S, Courchet J, Lewis TL, Loson OC, Hellberg K, et al. AMP-
activated protein kinase mediates mitochondrial fission in response to energy
stress. Science. 2016;351:275-81.

Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W, et al.
Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects
energy sensing to mitophagy. Science. 2011;331:456-61.

Houde VP, Ritorto MS, Gourlay R, Varghese J, Davies P, Shpiro N, et al. Investi-
gation of LKB1 Ser(431) phosphorylation and Cys(433) farnesylation using mouse
knockin analysis reveals an unexpected role of prenylation in regulating AMPK
activity. Biochem J. 2014;458:41-56.

Zhang CS, Jiang B, Li MQ, Zhu MJ, Peng YY, Zhang YL, et al. The lysosomal v-
ATPase-ragulator complex is a common activator for AMPK and mTORC1, acting
as a switch between catabolism and anabolism. Cell Metab. 2014;20:526-40.
Zhang YL, Guo H, Zhang CS, Lin SY, Yin Z, Peng Y, et al. AMP as a low-energy
charge signal autonomously initiates assembly of AXIN-AMPK-LKB1 complex for
AMPK activation. Cell Metab. 2013;18:546-55.

Gould GW, Holman GD. The glucose transporter family: Structure, function, and
tissue-specific expression. Biochem J. 1993;295:329-41.

Sies H, Jones DP. Reactive oxygen species (ROS) as pleiotropic physiological
signalling agents. Nat Rev Mol Cell Biol. 2020;21:363-83.

Jiang P, Ren L, Zhi L, Yu Z, Lv F, Xu F, et al. Negative regulation of AMPK signaling
by high glucose via E3 ubiquitin ligase MG53. Mol Cell. 2021;81:629-37 e625.
Bartelt A, Widenmaier SB, Schlein C, Johann K, Goncalves RLS, Eguchi K, et al.
Brown adipose tissue thermogenic adaptation requires Nrf1-mediated protea-
somal activity. Nat Med. 2018;24:292-303.

Hamazaki J, Murata S. ER-resident transcription factor Nrf1 regulates proteasome
expression and beyond. Int J Mol Sci. 2020;21:3683.

Liu P, Kerins MJ, Tian W, Neupane D, Zhang DD, Ooi A. Differential and over-
lapping targets of the transcriptional regulators NRF1, NRF2, and NRF3 in human
cells. J Biol Chem. 2019;294:18131-49.

Cell Death and Disease (2022)13:501

L. Qiu et al.

41. Ma T, Tian X, Zhang B, Li M, Wang Y, Yang C, et al. Low-dose metformin targets
the lysosomal AMPK pathway through PEN2. Nature. 2022;603:159-65.

ACKNOWLEDGEMENTS

This work was supported by the Postdoctoral Research Grant in Henan Province
(201901006, 201902006), the China Postdoctoral Science Foundation (2020M672286),
the Program for Innovative Talents of Science and Technology in Henan Province
(18HASTIT042), Science Foundation for Excellent Young Scholars in Henan
(202300410358) and National Natural Science Foundation of China (U1904147,
U20A20369, 81822043).

AUTHOR CONTRIBUTIONS

LQ designed and supervised the study. LQ, QFY, WSZ, and YDX performed the
experiments, analyzed the results, and wrote the manuscript. PL, XWZ, HMN, RRS,
SSG, YLC, WJZ, YHW, GDL, and ZZ Chen performed the experiments. YGR, YFG, YGZ,
and YMQ provided scientific suggestions and revised the manuscript. Besides, YGR,
YGZ, YHW, and YMQ also parsed the data and wrote this paper in English within
scientific logics. All of the authors have read and approved the final manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-022-04917-3.

Correspondence and requests for materials should be addressed to Lu Qiu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

SPRINGER NATURE

11


https://doi.org/10.1038/s41419-022-04917-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Dysfunction of the energy sensor NFE2L1 triggers uncontrollable AMPK signaling and glucose metabolism reprogramming
	Introduction
	Materials and methods
	Cell lines, culture, and transfection
	Expression constructs and other plasmids
	Establishment of lentiviral-infected cell lines
	Cell viability assay
	Cellular reactive oxygen species (ROS) staining
	Glucose uptake assay
	RNA isolation and real-time qPCR
	Western bloting (WB), Co-Immunoprecipitation (Co-IP), and protein deglycosylation reactions
	Transcriptome sequencing
	Metabolomics testing
	Electron microscopy
	Seahorse metabolic analyzer
	Assays of ATP and lactate levels in cells
	Statistical analysis

	Results
	NFE2L1 deficiency disrupts cellular energy metabolism signals and induces cell death via glucose starvation
	Glycolysis promotes glycosylation of NFE2L1 and NFE2L1 deficiency promotes glucose absorption
	NFE2L1 deficiency results in the reprogramming of glucose metabolism and exacerbates the Warburg effect
	NFE2L1 knockdown causes damage to mitochondrial function
	NFE2L1 interacts with AMPK and inhibits its phosphorylation via Serine/Threonine Kinase 11 (STK11/LKB1)

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




