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Nuclear factor erythroid-2 related factor 2 (NRF2) is a pivotal transcription factor that maintains cellular redox
homeostasis and facilitates the development of malignant tumor phenotypes. At the molecular level, NRF2
promotes de novo serine synthesis and SUMOylation affects its function. Our results indicated that the SUMO1
acceptor site of NRF2 is the conserved lysine residue 110 (K110), and that NRF2 SUMOylation deficiency in-
hibited tumorigenesis in hepatocellular carcinoma (HCC). Mechanistically, NRF2 SUMOylation promoted de
novo serine synthesis in HCC by enhancing the clearance of intracellular reactive oxygen species (ROS) and up-

regulating phosphoglycerate dehydrogenase (PHGDH). More importantly, serine starvation increased the level
of NRF2 SUMOylation, leading to sustained HCC growth. Collectively, our results indicate the presence of a
novel NRF2 SUMOylation-mediated signaling process that maintains HCC tumorigenesis in normal conditions
and in response to metabolic stress.

1. Introduction

Nuclear factor erythroid-2 related factor 2 (NRF2, also known as
NFE2L2) is a transcription factor that facilitates the development of
malignant phenotypes in multiple types of cancers [1]. Cancer cells
exhibit at least two distinctive metabolic traits — an enhanced toler-
ance to oxidative stress and an increased rate of biosynthesis to support
increased cell proliferation [1]. The NRF2 pathway is important in
healthy cells because it maintains intracellular redox homeostasis [2].
Recent studies have reported that NRF2 also has a key role in regulating
cancer cell metabolism [2,3]. In particular, abnormal activation of the
NRF2 pathway in cancer cells leads to reprogramming of intermediary
metabolism so that it supports cancer cell proliferation and tumor-
igenesis [3-6].

Constitutive NRF2 activation occurs in 14% of human cells with
hepatocellular carcinoma (HCC) [7,8]. Studies of a rat model of human
HCC indicated that autophagy deficiency and then p62 accumulation
caused continual activation of the NRF2 pathway [9], and this con-
tributed to the onset and progression of preneoplastic lesions towards
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malignancy [10]. Another study of the rat resistance hepatocyte model
demonstrated that the onset of Nrf2 mutations is an early event in pa-
thogenesis that promotes HCC progression and development [11]. A
recent study using Nrf2 knockout mice demonstrated that NRF2 is a
crucial driver for diethylnitrosamine-induced hepatocellular carcino-
genesis [12], and that mutations in NRF2 are related to short survival
times in HCC patients [12].

The serine synthesis pathway (SSP) is dysregulated in many cancers
[13], and NRF2 has a pivotal role in regulation of serine synthesis in a
substantial fraction of human non-small cell lung cancer cells (NSCLCs)
[6]. Cancer cells often require de novo synthesis of serine from glucose,
even in the presence of extracellular serine [13-15]. Serine fuels cel-
lular glycine synthesis and nucleotide metabolism, and facilitates the
folate cycle and amino acid transport in cancer cells [13]. Serine star-
vation reduces the activity of pyruvate kinase 2 (PKM2) and increases
the amount of glucose-derived carbon fluxes into serine synthesis to
support cancer cell proliferation [16]. Activation of p53-p21 induces
metabolic remodeling and supports the proliferation of cancer cells
during serine starvation [17]. Phosphoglycerate dehydrogenase
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(PHGDH) is the rate-limiting enzyme for the de novo synthesis of serine,
and p53-mediated repression of PHGDH is crucial for blocking the
apoptosis of cancer cells upon serine starvation [18]. Although NRF2 is
a crucial regulator of serine synthesis, the effect of altering NRF2 ac-
tivity in response to serine starvation is still unknown.

In healthy cells, NRF2 binds with adaptor protein Kelch-like ECH-
associated protein 1 (KEAP1) in the cytoplasm, which then recruits E3
ubiquitin ligase Cullin 3 (CUL3), thus facilitating the rapid degradation
of NRF2 by proteasomes [19,20]. Upon stress, NRF2 separates from
KEAP1 and translocates into the nucleus, where it induces the expres-
sion of target genes [21]. In addition, other E3 ubiquitin ligase com-
plexes, such as b-TrCP-SKP1-CUL1-RBX1, downregulate NRF2, so it is
maintained at a low level in healthy cells [22,23]. Oxidative stress leads
to Protein kinase C (PKC)-mediated phosphorylation of NRF2 at S40
and AMPK-mediated phosphorylation of NRF2 at S550, and this triggers
its nuclear translocation [24,25]. At the transcriptional level, the on-
cogenes KRas®?P, Braf"5°E, and Myc®*"? each increase NRF2 expres-
sion, and this increases antioxidant activity [15].

SUMOylation is a process in which small ubiquitin-like proteins
(SUMOs) are added to a protein [28-30] and thereby modifies protein
activity. In particular, previous research reported that SUMO-specific
protease 1 (SNEP1) de-SUMOylates NRF2 [26,27]. However, the bio-
logical significance of NRF2 SUMOylation in cancers remains largely
unknown. The purpose of this study was to examine the role of NRF2
SUMOylation on de novo serine synthesis and HCC tumorigenesis. We
found that NRF2 was modified at the conserved site lysine 110 (K110),
and this modification maintained tumorigenesis of HCC in vitro and in
vivo. Mechanistically, NRF2 SUMOylation promotes the clearance of
intracellular ROS by increasing the transcription of glutathione perox-
idase 2 (Gpx2), and this leads to upregulation of PHGDH in HCC cells.
These changes promote de novo serine synthesis and the production of
one-carbon units for the synthesis of purines, thereby promoting HCC.
Indeed, our LC-MS analyses indicated that NRF2 SUMOylation defi-
ciency reduced the accumulation of serine and purines in HCC. More
importantly, serine starvation increased NRF2 SUMOylation, thus
maintaining HCC growth in response to this metabolic stress. Taken
together, our study identified a novel signal transduction pathway in
which NRF2 SUMOylation promoted de novo serine synthesis and
maintained HCC tumorigenesis.

2. Materials and methods
2.1. Plasmids, antibodies, and reagents

pcDNA3-Myc3-NRF2 was purchased from Addgene (#21555). Flag-
NRF2 and Flag-NRF2 mutants (K110R, K533R, K603R, K533/603R,
K53R, K56R, K64R, K68R, K389R, K394R, K438R, K518R, K543R,
K599R) were generated using standard cloning procedures and site-
directed mutagenesis with the Quick Change kit from Stratagene. The
antibodies, concentrations, and sources were as follows: FLAG (Sigma;
1:2000), 3-ACTIN (Cell Signaling Technology; 1:2000), Lamin B (Santa
Cruz Biotechnology; 1:2000), NRF2 (abcam; 1:3000 for Western blots
and 1:400 for immunoprecipitation [IP]), PHGDH (Sigma; 1:250), PSPH
(Gene Tex; 1:3000). Menadione sodium bisulfite (MENA) and cyclo-
heximide (CHX) were from Sigma, and carboxy-H2DCFDA was from
Invitrogen (Gaithersburg, MD, USA).

2.2. Cell culture and treatments

HEK293T cells, SMMC-7721, and HepG2 cells were cultured in
DMEM (Hyclone) containing 10% v/v fetal bovine serum (Gibco), 1%
penicillin, and 1% streptomycin in a 37 °C incubator with 5% CO,. For
MENA experiments, SMMC-7721 cells were grown to 80% confluence in
6-well plates, and then treated with 25 uM MENA for 12 h. For serine
starvation experiments, cells were cultured for 72h in DMEM that
lacked serine and glycine (Shanghai Basalmedia Technology), but that
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had fetal bovine serum (Gibco), penicillin, and streptomycin.

2.3. Ni>-NTA agarose bead pull-down assay

NRF2 SUMOylation was analyzed in HEK293T cells using an in vivo
SUMOylation assay with Ni**-NTA agarose beads. Flag-NRF2-, His-
SUMO1-, and HA-UBC9-expressing plasmids were used to transfect
HEK293T cells with Lipofectamine™ 2000 (Invitrogen) according to the
manufacturer's instructions. At 24 h after transfection, cells were col-
lected. A total of 10% of these cells were used for Western blot analysis;
the other cells were lysed in 1 mL of His-lysis buffer (6 M guanidinium-
HCl, 0.1 M Na,HPO,/NaH,PO,, 0.01 M Tris/HCl, pH 8.0, 5mM imi-
dazole, and 10 mM p-mercaptoethanol) and then added to 20 pL of
Ni2*-NTA agarose beads (Qiagen), and maintained on a shaker at 4 °C
overnight. The beads were successively washed (15 min per step) at
room temperature with 1 mL in each of the following buffers: washing
buffer-1 (6 M guanidinium-HCl, 0.1 M Na,HPO,/NaH,PO,4, 0.01 M
Tris/HCl, pH 8.0, 10 mM B-mercaptoethanol); washing buffer-2 (8 M
urea, 0.1 M Na,HPO4/NaH,PO4, 0.01 M Tris/HCl, pH 8.0, 10 mM f-
mercaptoethanol); washing buffer-3 (buffer 1 with 0.2% Triton X-100);
and washing buffer 4 (buffer 1 with 0.1% Triton X-100). Finally, the
beads were incubated in 60 puL of elution buffer (200 mM imidazole,
0.15M Tris/HCI pH 6.7, 30% glycerol, 0.72 M [3-mercaptoethanol, 5%
SDS) for 30 min at room temperature. The eluates were analyzed by
western blotting.

2.4. Western blotting

Cells were washed with cold PBS and lysed in RIPA lysis buffer that
was supplemented with protease and phosphatase inhibitors on ice for
20 min. The lysates were centrifuged at 13,000 rpm for 15 min at 4 °C,
and the supernatants were collected. Total protein was resolved in 10%
SDS/PAGE gels, followed by electrophoretic transfer to PVDF mem-
branes in a Tris-glycine buffer. The membranes were blocked at room
temperature for 1h in 5% non-fat milk with TBS-Tween (TBST) on a
shaker, and then incubated with the primary antibodies overnight at
4 °C. The membranes were washed in TBST at least 5 times (5 min each)
and then incubated with HRP conjugated anti-rabbit or anti-mouse I1gG
at room temperature for 1 h with gentle shaking. The ECL substrate was
added, and the results were visualized using ImageQuant LAS 4000
(GE). B-actin was used as loading control, and optical density quantified
using ImageJ software. Each experiment was repeated three times.

2.5. Plate colony formation

SMMC-7721 cells (400 per well) were added to 6-well plates, and
the medium was replaced every 3 days. After 2-4 weeks, images of the
colonies were recorded using scanner (Epson Perfection V800 Photo)
and the colonies were counted using Image J software.

2.6. Tumor xenograft assay

Five-week old female nude mice were purchased from Shanghai
Ling Chang Biotechnology. For tumor xenograft experiments, each
mouse received a single subcutaneous injection of 1 X 10° SSMC-
7721 cells with stable overexpression of NRF2, K110R cells, or vector
control cells (5 per group). Tumor volume (mm?®) was calculated every
4 days from caliper measurements using formula (L + W?)/2, where L
is the length (long-axis) and W is the width (short-axis). Seventeen days
after injection, mice were killed and tumor weight was measured. None
of the tumors exceeded the limit for tumor burden (10% of total body
weight or 2 cm in diameter). All animal experiments were carried out
according to the institutional guidelines of Shanghai Jiaotong
University School of Medicine.
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2.7. Measurement of intracellular ROS

Cells were harvested by trypsin digestion, washed with PBS, and
incubated with Carboxy-H2DCFDA (DCF; Invitrogen; final concentra-
tion of 10 uM) in DMEM medium for 30 min at 37 °C. Then, cells were
washed three times with cold PBS and intracellular ROS was measured
using the BD FACS Aria Flow Cytometer (Becton Dickinson, Franklin
Lake, NJ). For measurement of DCF fluorescence, the excitation wa-
velength was 488 nm and the emission wavelength was 525 nm.

2.8. Measurement of GSH and GSSG

The levels of total glutathione (GSH) and oxidized glutathione
(GSSG) were measured using a GSH and GSSG Assay Kit (S0053,
Beyotime), according to manufacturer's instruction. The GSH/GSSG
ratio was then calculated from these data.

2.9. Quantitative real-time PCR

Total RNA was isolated using the Trizol reagent (Invitrogen). Total
RNA (1 pg) was then used to synthesize complementary DNA (cDNA)
using a cDNA synthesis kit (Takara) according to the manufacturer's
instructions. Further analysis was performed with SYBR Premix ExTaq
(Takara) using the LightCycler 480Ilsystem (Roche). Expression was
normalized to the level of 18S rRNA in the same samples. Each sample
was analyzed in triplicate, and experiments were performed three
times. Table S1 shows the PCR primers used for amplification.

2.10. Chromatin immunoprecipitation assay

Formaldehyde cross-linked chromatin was prepared from SSMC-
7721 cells, and immunoprecipitation was performed using the
Chromatin Immunoprecipitation (ChIP) Assay Kit according to the
manufacturer's protocol (Upstate Biotechnology). Briefly, cells were
cross linked with 1% formaldehyde for 10 min at room temperature,
and then neutralized by addition of glycine (final concentration of
0.125M). Cells were then washed twice with cold PBS and then har-
vested and suspended in cold cell lysis buffer containing protease in-
hibitors. After 15 min at 4 °C, nuclei were harvested and re-suspended
in a nuclear lysis buffer. After sonication, the supernatants were added
to magnetic beads, and specific antibodies (or IgG control) and in-
cubated overnight at 4°C. Beads were washed sequentially in four
buffers (low-salt wash buffer, high-salt wash buffer, LiCl wash buffer,
and TE buffer). After reverse cross-linking for 6 hat 62°C, DNA was
extracted and quantitative PCR was performed using the primers in
Table S1.

2.11. Oxygen consumption rate and extracellular acidification rate

The intact cellular oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) of SSMC-7721 cells were measured using the
Seahorse XF Cell Mito Stress Test and the Seahorse XF-96 Extracellular
Flux Analyzer (Seahorse Bioscience, Agilent Technologies, Waldbronn,
Germany). First, 3 X 10 cells (SSMC-7721-Vector, SSMC-7721-NRF2,
or SSMC-7721-K110R) were seeded into 96-well Seahorse microplates
in 80 uL of growth medium and incubated at 37 °C in 5% CO- for 24 h.
The calibrator plate was equilibrated in an incubator without CO,
overnight. The analyzer determined the OCR and corresponding ECAR
following three sequential additions: oligomycin (1 uM), an inhibitor of
ATP synthase which leads to maximal glycolysis; carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone (FCCP) (0.25 pM), an uncoupler of
the electron transfer chain (ETC) and inhibitor of oxidative phosphor-
ylation which induces peak oxygen consumption (an indirect measure
of maximal oxidative metabolism); and then rotenone (0.5 uM; which
inhibits the ETC) and antimycin A (0.5 uM; which inhibits complex III).
These experiments allowed calculation of basal respiration, maximal
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respiration, and ATP production. The BCA Protein Assay Kit (Beyotime,
China) was used according to the manufacturer's instructions to de-
termine the protein concentration for normalization of OCR and ECAR.
These data were analyzed and visualized using wave software (Version
2.3.0, Seahorse Bioscience, Agilent Technologies, Waldbronn,
Germany).

2.12. High-performance liquid chromatography-mass spectrometry

HPLC-MS experiments were performed in the Core Facility of Basic
Medical Sciences, College of Basic Medical Sciences, Shanghai Jiao
Tong University School of Medicine. For metabolite extraction, cells
were harvested and re-suspended in a solution of HPLC-grade acet-
onitrile, methanol, and water (2/2/1 by volume) that was supple-
mented with internal standards. Chromatographic analyses were per-
formed using the Dionex UltiMate 3000 HPLC System (Thermo
Scientific) with the Thermo Hypersil Gold (2.1 mm X 100 mm, 1.9 pm)
analytical column. The injection volume was 5 jiL, and the temperature
of the column was maintained at 40 °C. The mobile phases were H,O +
0.1% formic acid (mobile phase A) and ACN + 0.1% formic acid
(mobile phase B), and the flow rate was 0.3 mL/min. The total chro-
matographic run time was 11 min.

A triple quadrupole mass spectrometer (TSQ Vantage, Thermo
Scientific) was used for mass analysis and quantification of target
analytes. The MS was operated in positive ion mode with selected re-
action monitoring (SRM). The tuning parameters were optimized for
the target analytes. The sheath and auxiliary gas was nitrogen, the
spray voltage was 3000V, the vaporizer temperature was 300 °C, the
sheath gas pressure was 40 psi, the auxiliary gas pressure was 10 psi,
and the capillary temperature was 320 °C.

2.13. Endogenous NRF2 SUMOylation assay

Immunoprecipitation was used to measure endogenously
SUMOylated-NRF2. Briefly, 1 x 107 cells were added to 500 uL of lysis
buffer (50 mM sodium phosphate, pH 7.4, 400 mM NacCl, 0.1% SDS, 1%
Triton, 10 mM N-ethylmaleimide [NEM], protease inhibitors, phos-
phatase inhibitors). The viscous lysate was sonicated until it became
fluid, and 10% of the cells were used; the remaining cells were in-
cubated with antibody overnight at 4 °C. Beads were washed three
times with lysis buffer, boiled for 10 min in SDS sample buffer, and then
subjected to Western blot analysis.

2.14. 5-Bromodeoxyuridine assay

For the BrdU assay, 10,500 cells per well were seeded into each well
of 96-well plates, labeled with BrdU (10 uM) for 4 h, and then subjected
to fixation. The incorporated BrdU was detected by immunostaining,
with measurement by a microplate spectrophotometer at 450 nm. Cell
proliferation rate was determined using the BrdU cell proliferation
assay kit according to the manufacturer's instructions (Cell Signaling
Technology). Measurements were performed at 0, 12, 24, 48, and 72 h.

2.15. Statistical analysis

The statistical significance of differences between two groups was
evaluated using the two-tailed Student's t-test. Statistical significance is
expressed as * (P < 0.05), ** (P < 0.01), or *** (P < 0.001). All
values are presented as means + SDs. Data analyses were performed
using GraphPad Prism (Version 6).
3. Results
3.1. SUMO1 conjugates human NRF2 at K110

Our Ni** NTA agarose pull-down assay and immunoblotting
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Fig. 1. SUMOI1 conjugates human NRF2 at K110. A, HEK293T cells were transfected with Flag-NRF2 with or without His-SUMO1 and HA-Ubc 9. SUMOylated
proteins were purified from cell lysates using Ni2+-NTA agarose bead pull-down, and SUMOylated NRF2 was detected by immunoblotting with an anti-Flag
antibody. B, His-SUMO1-conjugated proteins were purified by Ni2 + -NTA agarose bead pull-down from HEK293T cells expressing Flag-NRF2 and His-SUMO1 by use
of SENP1 or SENP1m, and probed with Flag. C, HEK293T cells were co-transfected with Flag-NRF2 wild-type or Flag-NRF2 mutants with or without His-SUMOL1.

experiments confirmed that SUMO1 conjugates NRF2 (Fig. 1A). In ad-
dition, wild-type (WT) SENP1 deconjugated the SUMO1 modification of
NRF2, but the catalytic mutant (SENP1m) did not (Fig. 1B).

Although the SUMOylation sites in NRF2 are uncertain, Malloy et al.
[26] predicted SUMOylation sites at K533 and K603 (Fig. S1A). Thus,
we evaluated these two sites by mutating each lysine (K) to arginine
(R). The single- or double-lysine mutation of these two sites did not
change the SUMOylation of NRF2 in transfected cells (Fig. S1B). Based
on other potential SUMOylation sites predicted by SUMOplot™ (http://
www.abgent.com/sumoplot) and JASSA (http://www.jassa.fr), we in-
dividually mutated K53, K56, K64, K68, K110, K389, K394, K438,
K518, K543, or K599 into arginine (R) in NRF2 in transfected cells
(Figs. S2A and S2B). The results indicated that only the K110 mutation
decreased SUMOylation (Fig. 1C and Fig. S2C). These data thus indicate
that SUMO1 conjugates human NRF2 at the K110 residue, which is
conserved in humans, mice, and rats (Fig. S3).

3.2. NRF2 SUMOylation maintains HCC tumorigenesis

We next characterized the role of NRF2 K110 SUMOylation in tu-
mors by establishing three lines of HCC cells, each with knock-down of
endogenous NRF2 expression: one line expressed vector alone (SSMC-
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7721-Vector); the second line expressed NRF2 WT (SSMC-7721-NRF2);
and the third line expressed NRF2 K110R (SSMC-7721-NRF2 K110R)
(Fig. S4). The results indicated that SUMOylation of NRF2 was sig-
nificantly attenuated in SSMC-7721-NRF2 K110R cells (Fig. S4C).

A plate-colony formation assay showed that NRF2 SUMOylation
significantly promoted cell colony formation (Fig. 2A, p < 0.01). In
addition, a deficiency in NRF2 SUMOylation significantly impaired
colony formation in HepG2 cells and in two lines of NSCLC cells (H1299
and A549; Fig. S5). In addition, as shown in Fig. S6, we found that
NRF2 SUMOylation did not significantly affect the in vitro apoptosis of
SMMC-7721 cells. Then, we analyzed the effect of SUMOylation on
tumorigenesis in vivo by implanting SSMC-7721 cells into nude mice
and measurement of tumor weight after 17 days. The results show that
tumors from SMMC-7721-NRF2 cells were significantly larger than
those from SMMC-7721-Vector cells (Fig. 2B-D; p < 0.01), and the
tumors from SMMC-7721-NRF2 K110R cells were intermediate in size.
These in vitro and in vivo data thus suggest that NRF2 SUMOylation may
function in maintaining HCC tumorigenesis, although this mutation
could potentially interfere with other functions of NRF2.
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Fig. 2. NRF2 SUMOylation maintains HCC tumorigenesis. A, Cells containing SSMC-7721-Vector, SSMC-7721-NRF2, or SSMC-7721-NRF2 K110R were plated in 6-
well plates and stained with crystal violet. Images of the colonies were taken using a scanner and colonies were counted (3 replicates per group). B, Five-week old
mice were used to establish tumor xenografts using subcutaneous injections of 1 x 106 SSMC-7721 cells stably overexpressing NRF2, K110R, or vector controls (5
mice per group). Tumor volumes were calculated by caliper measurements. C, Seventeen days after injection, mice were killed and tumor weight was determined. D,
Representative subcutaneous tumors isolated from mice that received SSMC-7721-Vector, SSMC-7721-NRF2, or SSM-7721-NRF2 K110R cells.

3.3. NRF2 SUMOylation decreases intracellular ROS level in HCC by
activating Gpx2 transcription

NRF2 attenuates oxidative stress by induction of genes that quench
ROS. Our results indicated that SSMC-7721-NRF2 cells had lower levels
of intracellular ROS than SSMC-7721-Vector cells and SSMC-7721-
NRF2 K110R cells (Fig. 3A). Consistently, SSMC-7721-NRF2 cells had a
greater GSH/GSSG ratio than SSMC-7721-NRF2 K110R cells (Fig. 3B,
p < 0.05). In addition, NRF2 upregulated the expression of genes en-
coding key components of the GSH-dependent antioxidant system
(Fig. 3C).

We further examined whether NRF2 SUMOylation reduced cellular
ROS level through transcriptional upregulation of these target genes by
performing using real-time PCR to analyze the transcription of genes
involved in GSH synthesis and ROS scavenging (Fig. 3D). The results
indicated that NRF2 SUMOylation functioned as an antioxidant chiefly
by upregulating the transcription of Gclec, Gelm and Gpx2. GPX2 is a
protein with peroxidase activity. There was also a significantly greater
level of Gpx2 in HCC tumor samples from nude mice injected SSMC-
7721-NRF2 rather than SSMC-7721-NRF2 K110R cells (Fig. 3E,
p < 0.05).

We used a ChIP assay to further examine the possible mechanism of
this effect. The results indicated that SUMOylation of NRF2 led to
binding to the Gpx2 promoter and recruitment of the coactivator pro-
tein, chromodomain-helicase-DNA-binding protein 6 (CHD6), which
activated transcription (Fig. 3F). There were no significant differences
between NRF2 WT and NRF2 K110R proteins in binding with KEAP1,
ubiquitination, and their stability in the cells (Figs. S7A-7C).
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3.4. Reduced ROS level in HCC cells increases PHGDH expression

NRF2 regulates serine metabolism by activating the expression of
enzymes that control de novo serine synthesis from glucose (Fig. 4a),
indirectly through transcription factor ATF4 [6]. Our real-time PCR
analyses of HCC cells indicated that NRF2 SUMOylation had no impact
on transcription of genes encoding enzymes that catalyze de novo serine
synthesis (Fig. 4b). However, analysis of proteins indicated elevated
levels of PHGDH, PSAT1, and PSPH in SSMC-7721-NRF2 cells relative
to SSMC-7721-Vector and SSMC-7721-NRF2 K110R cells (Fig. 4c).
Consistent with these in vitro results, mice injected with SSMC-7721-
NREF2 cells had greater tumor levels of PHGDH than mice injected with
SMMC-7721-NRF2 K110R cells (Fig. 4d, p < 0.001).

The control of redox homeostasis by NRF2 can prevent cysteine
oxidation of proteins involved in mRNA translation, thereby supporting
protein translation [31]. In agreement, we found that addition of the
oxidant MENA to SMMC-7721-NRF2 cells increased the intracellular
ROS level, and reduced the level of PHGDH (Fig. 4e and Fig. S8). These
results suggest that the effect of NRF2 SUMOylation on PHGDH trans-
lation is at least partially ROS-dependent.

3.5. Increased PHGDH expression leads to accumulation of serine and
nucleotides in HCC cells

The serine biosynthetic pathway is an important source of metabolic
intermediates that support the rapid proliferation of cancer cells. To
investigate whether alterations in the expression of PHGDH was asso-
ciated with changes in the metabolism in HCC cells, we measured the
levels of multiple metabolites (3-phophoserine [3-PS], serine, AMP,
GMP, adenine, and guanine) using HPLC-MS (Table S2). The results
indicated that SSMC-7721-NRF2 cells accumulated more serine
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(p < 0.01) and purines (p < 0.001) than SSMC-7721-Vector cells
(Fig. 5d and e). However, NRF2 SUMOylation almost completely
blocked de novo serine synthesis (Fig. 5d and e and ). Consistent with
these metabolite changes, measurement of ECAR indicated that the rate
of glycolysis was significantly increased in SSMC-7721-NRF2 (Fig. 5a,
p < 0.001), whereas the OCR and ATP production were similar in
SSMC-7721-NRF2 and SSMC-7721-NRF2 K110R cells (Fig. 5b and c).
These results indicate that SSMC-7721-NRF2 cells have an increased
rate of glycolysis, and this provides them with more of the metabolites
needed to support cell proliferation (Fig. 4a).

3.6. NRF2 SUMOylation increases HCC cell resistance to serine starvation

Taken together, the results above suggest that NRF2 SUMOylation is
required for de novo serine synthesis in HCC. We next examined the

effect of limiting the level of exogenous serine on cell proliferation and
tumorigenesis. Thus, we measured the proliferation of SSMC-7721 cells
using a BrdU assay with or without serine in the culture media. The
results indicated that under normal conditions, there were no sig-
nificant differences in the number of cells in the SMMC-7721-NRF2 and
SMMC-7721-NRF2 K110R groups (Fig. 6a). However, upon serine
starvation, SMMC-7721-NRF2 K110R cells had a slower proliferation
rate than SMMC-7721-NRF2 cells (Fig. 6a). Furthermore, serine star-
vation induced NRF2 SUMOylation in SSMC-7721-NRF2 cells (Fig. 6b),
suggesting that this has a role in signaling serine starvation. The in-
creased NRF2 SUMOylation in HCC cells might be attributable to the
down-regulation of SENP1 (Fig. S9).
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4. Discussion

In this study, we first identified the conserved lysine 110 in human
NRF2 as the SUMOL1 conjugation site (Fig. 1C). No previous studies
have identified acceptor sites of Nrf2 K110 for any type of post-trans-
lational modification.

(https://www.phosphosite.org/proteinAction.action?id = 3828&
showAllSites =true). K110 is located in Neh4 domain (Nrf2-ECH
homology domain 4) of NRF2, one of the transactivation domains es-
sential for regulating transcriptional activity. Ramani et al. reported
that SUMOL1 conjugation of NRF2 enhanced its binding to the target
gene during hepatic fibrogenesis of activated hepatic stellate cells [27].
The same group examined hepatocytes and macrophages and reported
that reduced SUMO1 modification of NRF2 led to reduced expression of
glutamate-cysteine ligase (GCL) following treatment with lipopoly-
saccharide (LPS) [32]. Previous research reported that SUMO1
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modification is required for the interaction of NRF2 with MafG, ARE
binding, and GCLC expression [27]. Consistent with these findings, our
study of HCC cells indicated that NRF2 K110 SUMOylation enhanced
Gcle and Gcelm transcription (Fig. 3D). We also found that SUMO1
modification promoted the binding of NRF2 to the Gpx2 promoter in
HCC cells (Fig. 3F), leading to recruitment of the transcription coacti-
vator CHD6, and increased Gpx2 transcription. GCLC and GCLM cata-
lyze the synthesis of GSH, which is dependent on GPX2 for reducing the
oxidative insults in cells. However, our NRF2 WT and K110R cells had
no differences in the transcription of thioredoxin-dependent anti-
oxidant systems (data not shown). This cell-type specific and context-
dependent transcriptional regulation by NRF2 K110 SUMOylation re-
quires future investigation.

Our results indicated that NRF2 SUMOylation maintains HCC tu-
morigenesis in vitro and in vivo (Fig. 2). Our examination of the un-
derlying mechanism indicated that NRF2 K110 SUMOylation promoted
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Fig. 5. Increased PHGDH expression leads to accumulation of serine and nucleotides in SSMC-7721-NRF2 cells. A, The three cell types were treated with glucose,
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novo serine synthesis pathway, from. HPLC-MS (10 replicates per group). E, Levels of metabolic intermediates in purine metabolism, from HPLC-MS (10 replicates per

group).

ROS scavenging via transcriptional activation of GPX2 in HCC cells, and
that this protected HCC cells from oxidative stress. However, NRF2 has
additional functions in cancer beyond its redox-regulating capacities
[2,33-36]. In particular, although NRF2 activates the transcription of
enzymes involved in redox regulation [6], NRF2 SUMOylation up-reg-
ulates SSP at the translational level (Fig. 4). NRF2 also has an indirect
effects through its redox modulation of target genes [31,37]. For ex-
ample, in pancreatic cancer NRF2 stimulates mRNA translation by in-
hibiting the oxidation of specific translational regulatory factors [31].
Bar-Peled et al. found that proteins which have cysteines that undergo
specific reactivity changes in sShNRF2 NSCLC cells are mainly in path-
ways that include protein translation (EEF2) and protein folding
(PDIA3) [37]. These two studies [31,37] thus established that NRF2 has
an indirect effect in modulation of protein translation. Serine is a non-
essential amino acid and an important building-block in protein
translation. Because NRF2-regulated ROS homeostasis indirectly con-
trols protein translation, the same mechanism may also regulate serine
biosynthesis. PHGDH, PSAT1, and PSPH are the key enzymes that
catalyze serine synthesis from glucose (Fig. 4A). Our results showed for
the first time that the NRF2 SUMOylation-regulated homeostasis of ROS
in HCC affects the level of PHGDH in these cells (Fig. 4C-E).

PHGDH diverts glycolytic flux and promotes serine and glycine
biosynthesis in many tumor types [38]. A recent study reported that

PHGDH defines a metabolic subtype of lung adenocarcinoma with poor
prognosis [39]. In agreement, HCC patients with up-regulation of
PHGDH have accelerated tumor development because of metabolic
diversion from glycolysis to serine biosynthesis [40]. Pacold et al. de-
monstrated that PHGDH inhibition reduced the incorporation of one-
carbon units (from glucose-derived serine) into nucleotides [38]. Our
results are consistent with these previous results, in that an increased
level of PHGDH in SSMC-7721-NRF2 cells was associated with their
higher rate of glycolysis (Fig. 5A). Thus, NRF2 SUMOylation may
promote glucose flux toward serine biosynthesis. Indeed, our MS ana-
lyses showed accumulation of 3-PS, serine, and purines in SSMC-7721-
NRF2 cells (Fig. 5D and E). These results suggest that the NRF2 SU-
MOylation-mediated regulation of PHGDH translation and promotion
of serine and nucleotide biosynthesis helps to maintain HCC tumor-
igenesis, in addition to facilitating the transcription of ROS scavenging
proteins.

There are multiple mechanisms by which cancers stimulate NRF2
function upon stress [3]. Our results showed that serine starvation
caused HCC cells to up-regulate NRF2 SUMOylation as a defense
against oxidative-stress, thereby maintaining HCC growth (Fig. 6A and
B). Upon amino acid starvation, elF2 kinase and GCN2 repress the
translation of most mRNAs, but they selectively increase the translation
of activating transcription factor 4 (ATF4) [41,42]. The GCN2-elF2-
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ATF4 pathway is critical for maintaining metabolic homeostasis and
tumor progression during nutrient deprivation [43]. Ye et al. reported
that this pathway up-regulates serine synthetic enzymes upon amino
acid starvation of tumor cells [44]. In parallel to this pathway, we es-
tablished that the NRF2 SUMOylation-GPX2-ROS axis in HCC cells
regulated serine synthetic enzyme expression and SSP. Thus, under
conditions of serine starvation, the GCN2-eIF2-ATF4 and NRF2 SU-
MOylation-GPX2-ROS pathways appear to contribute to the regulation
of PHGDH at the transcriptional and translational levels.

In summary, we uncovered an apparently new pathway in which
NRF2 SUMOylation promotes HCC tumorigenesis by enhancing de novo
serine synthesis, and identified the SUMO1 conjugation site in NRF2 as
lysine 110. By contributing to the removal of ROS and enhancing de
novo serine synthesis, NRF2 K110 SUMOylation simultaneously helps
HCC cells to tolerate oxidative stress and provides building blocks for
tumorigenesis. Because tumor cells often experience fluctuating nu-
trient supplies, the role of NRF2 SUMOylation in regulating SSP to
maintain HCC tumorigenesis seems more important during serine
starvation. Maddocks et al. recently reported that dietary serine and
glycine restriction had therapeutic effects in murine autochthonous
tumors [45]. Thus, targeting NRF2 SUMOylation might be a potential
therapy for HCC. Moreover, we also found that serine starvation re-
duced SENP1 expression in HCC cells (Fig. S8). This indicates the need
to further examine the upstream signal pathways of cancer cells that
regulate NRF2 SUMOylation in response to metabolic stress. We plan to
use HCC murine models to further investigate the effect of serine re-
striction in combination with NRF2 K110 mutation as a novel
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therapeutic strategy for this cancer.
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