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Abstract

Background Nutrient limitations often lead to metabolic stress during cancer initiation and progression. To combat
this stress, the enzyme heme oxygenase 1 (HMOX1, commonly known as HO-1) is thought to play a key role as an
antioxidant. However, there is a discrepancy between the level of HO-1 mRNA and its protein, particularly in cells
under stress. O-linked B-N-acetylglucosamine (O-GIcNAc) modification of proteins (O-GlcNAcylation) is a recently
discovered cellular signaling mechanism that rivals phosphorylation in many proteins, including eukaryote translation
initiation factors (elFs). The mechanism by which elF2a O-GlcNAcylation regulates translation of HO-1 during extracel-
lular arginine shortage (ArgS) remains unclear.

Methods We used mass spectrometry to study the relationship between O-GIcNAcylation and Arg availability in
breast cancer BT-549 cells. We validated elF2a O-GlcNAcylation through site-specific mutagenesis and azido sugar
N-azidoacetylglucosamine-tetraacylated labeling. We then evaluated the effect of elF2a O-GlcNAcylation on cell
recovery, migration, accumulation of reactive oxygen species (ROS), and metabolic labeling during protein synthesis
under different Arg conditions.

Results Our research identified elF2aq, elF2(3, and elF2y, as key O-GlcNAcylation targets in the absence of Arg.

We found that O-GIcNAcylation of elF2a plays a crucial role in regulating antioxidant defense by suppressing the
translation of the enzyme HO-1 during Arg limitation. Our study showed that O-GIcNAcylation of elF2a at specific
sites suppresses HO-1 translation despite high levels of HMOXT transcription. We also found that eliminating elF2a
O-GlcNAcylation through site-specific mutagenesis improves cell recovery, migration, and reduces ROS accumula-
tion by restoring HO-1 translation. However, the level of the metabolic stress effector ATF4 is not affected by elF2a
O-GlcNAcylation under these conditions.

Conclusions Overall, this study provides new insights into how ArgS fine-tunes the control of translation initiation
and antioxidant defense through elF2a O-GlcNAcylation, which has potential biological and clinical implications.
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Background

Dysregulated protein synthesis is a hallmark of cancer
[1-3], with key roles in aberrant cell proliferation, sur-
vival, angiogenesis, metabolism, immune responses,
and chemoresistance. For example, oncogenic signaling
(e.g., PIBK/AKT/mTOR; Ras/ERK) leads to hyperac-
tive cap-dependent translation, an exquisitely regulated
process that directs ribosomes to the initiation codon
in the mRNA template [4, 5]. Results from several stud-
ies have shown that tumor phenotype is driven not
only by global changes in protein synthesis, but also
by selective changes in translational efficiency [6]. In
addition, tumor cells are capable of reprogramming the
proteome to sustain the transformed phenotype and
promote their survival in response to nutrient avail-
ability and environmental stress [7, 8]. Such selective
changes in translation can be achieved by reprogram-
ming the activity of translation initiation in response to
specific stress signals.

The eukaryotic initiation factor (eIF) 2 is at the nexus
controlling translation initiation efficiency [9]. elF2a
(eIF2a, encoded by EIF2S1 gene) forms the ternary com-
plex, comprised of elF2a, B, and y, methionine (Met)-
tRNAIi, and GTP. The ternary complex brings the initiator
Met-tRNAi to the P site of the 40S ribosomal subunit,
initiating protein synthesis. There are two distinct con-
figurations of elF2, the GDP- or GTP-bound forms.
Following the recognition of the start codon by the 43S
preinitiation complex, the GTP bound to eIF2 is hydro-
lyzed to deliver Met-tRNAIi and the eIF2-GDP is subse-
quently released from the 40S subunit and recycled to
allow delivery of another Met-tRNAi [10]. In response to
metabolic stress, overall protein synthesis is reduced to
relieve cells from endoplasmic reticulum (ER) stress [11].
Notably, the phosphorylation of elF2a at serine (Ser) 51
effectively reduces the level of active elF2, significantly
inhibiting mRNA translation initiation [12] and global
protein synthesis [1] while promoting selective trans-
lation of proteins in response to the stresses, such as
activating transcription factor 4 (ATF4), representing a
major mechanism in ER stress response [13]. Among the
various targets transcriptionally activated by ATF4, heme
oxygenase 1 (HO-1, encoded by HMOXI gene) is one
of the most extensively studied stress-induced antioxi-
dant enzymes [14]. Increased levels of HO-1 ameliorate
ER stress-associated oxidative stress [15] and dampens
oxidative stress to promote cell escaping from radiation-
or chemo-therapies [16]. Genetic or pharmacological
upregulation of HO-1 significantly promotes the survival
and metastasis of many cancers including breast cancer,
melanoma, chronic myelogenous leukemia, and others
[17-20]. While the role of the HO-1 antioxidant stress
system in the ER stress response is well-established, its
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control of HO-1 protein translation has yet to be fully
understood.

Protein O-linked N-acetylglucosaminylation (O-Glc-
NAcylation), a dynamic, inducible posttranslational
modification (PTM) of intracellular proteins, is con-
trolled by the concerted actions of a single pair of
opposing enzymes, termed O-linked N-acetylglucosa-
mine (O-GlcNAc) transferase (OGT) and O-GIcN-
Acase (OGA) [21, 22]. Together, these two enzymes
cycle O-GlcNAc provided by the hexosamine biosyn-
thetic pathway (HBP), a major pathway of glucose (Glc)
metabolism [21, 22]. OGT transfers a single O-GIcNAc
moiety to the hydroxyl group of Ser or threonine (Thr)
residues of substrate proteins from the direct donor uri-
dine diphosphate N-acetylglucosamine (UDP-GlcNAc),
whereas OGA catalyzes the opposite reaction to cleave
O-GlcNAc from O-GlcNAcylated proteins [21, 22]. Pro-
tein O-GlcNAcylation is increasingly recognized as an
important cellular regulatory mechanism in all aspects
of cellular function, including metabolism, signal trans-
duction, transcriptional regulation, DNA repair, cell
cycle control, protein trafficking, and regulation of the
cell structure [21, 23-31]. Notably, O-GlcNAcylation,
like phosphorylation and other PTMs, alters the ter-
tiary structure, blocks ligand interactions, competes with
other PTMs, and/or controls enzyme activity [21]. Con-
sequently, deregulation of O-GlcNAc cycling has been
implicated in the pathogenesis of a plethora of chronic
diseases, including human cancer [30]. Identification of
O-GlcNAc-modified substrates will not only lead to a
better understanding of the functions of protein O-Glc-
NAcylation but will also be helpful in the development
of new strategies for treating and preventing human
diseases. However, the impact of O-GlcNAcylation on
translation initiation during ER stress response to differ-
ent metabolic stresses, especially arginine (Arg) shortage
(ArgS), remains to be understood.

Arg is one of the most versatile amino acids that partic-
ipates in multiple metabolic pathways in highly prolifera-
tive cells [32]. Our laboratory has a longstanding interest
in the effects of Arg deprivation therapy on breast and
prostate cancers, as demonstrated in our previous stud-
ies [7, 33-36]. Our research showed that ArgS leads to a
decrease in glycolysis and a shift in metabolic pathways.
Although only a small portion of Glc enters the HBP
pathway [30], O-GlcNAcylation is a rapidly growing cel-
lular signaling mechanism that rivals protein phospho-
rylation in many proteins [30]. HBP plays a central role
in sensing the availability of intracellular Glc, glutamine
(Gln), acetyl-CoA and UTP in cancer cells via producing
UDP-GIcNAc, a substrate for protein O-GlcNAcylation
(Additional file 1: Fig. S1, [37]). A crucial unanswered
question is whether the limited availability of Arg,
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a non-component of HBP, has an impact on protein
O-GlcNAcylation.

In this study, we used the unbiased screen of O-Glc-
NAc-modified proteins to examine the cellular response
to ArgS. In this study, we describe elF2a as a key target
of ArgS-induced O-GlcNAcylation. We show that elF2a
O-GlcNAcylation suppresses HO-1 protein synthesis,
independent of elF2a Ser51 phosphorylation and ATF4
induction. Our findings uncouple the conventional link
between elF2a Ser51 phosphorylation and protein trans-
lation inhibition, a hallmark of canonical integrated
stress response (ISR) to ER Stress, during ArgS. Overall,
we define elF2a O-GlcNAcylation as a new mechanism
of stress response in cells experiencing ArgS. Impor-
tantly, elF2a O-GlcNAcylation alone is sufficient to sup-
press the synthesis of HO-1, regardless of elF2a Ser51
phosphorylation. Based on our findings that elevation of
HO-1 expression leads to a better recovery from ArgS,
we propose that suppression of HO-1 translation by
ArgS-mediated mechanisms may provide therapeutic
benefits against cancer [32].

Materials and methods

Cell line, cell culture, and treatment

Human triple-negative breast cancer BT-549, MDA-
MB-231, Hs578T, MDA-MB-468, and MDA-MB-435,
human estrogen receptor- and progesterone receptor-
positive breast cancer MCF7, and human embryonic
kidney (HEK) 293T (HEK293 cells with SV40 T-antigen)
cells were originally purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Cells
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Thermo Fisher Scientific, Waltham, MA, USA)
with 4.5 g/L Glc supplemented with 10% (vol/vol) fetal
bovine serum (FBS; Thermo Fisher Scientific), 1% (vol/
vol) Penicillin-Streptomycin (10,000 units/ml of peni-
cillin, and 10,000 pg/ml of streptomycin; Thermo Fisher
Scientific). All cells were maintained at 37 °C in a 5% (vol/
vol) CO,, 95% (vol/vol) air incubator.

In this study, various treatments were used to investi-
gate the role of specific pathways in cellular processes.
Proteasome activity was inhibited by treating cells with
MG132 ([38], 10 uM; Tocris Bioscience, Minneapolis,
MN, USA) for 24 h. HO-1 activity was activated with
cobalt protoporphyrin (CoPPIX) ([39], 12.5 uM; Mil-
liporeSigma, Burlington, MA, USA) and inhibited with
Zinc protoporphyrin-9 (ZnPPIX) ([40], 5 uM; Millipore-
Sigma), respectively, both for 24 h. ER stress was induced
by treating cells with tunicamycin (TN) ([41], 2 pg/ml;
MilliporeSigma) for 24 h, while TUDCA ([42], 200 or
400 uM; FOCUS biomolecules, Plymouth Meeting, PA,
USA) was used to inhibit ER stress for the same duration.
Additionally, to disrupt the interaction between p-elF2a
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and eIF2B, an ISR inhibitor (ISRIB) ([43], 200 or 400 nM;
MilliporeSigma) was used to treat cells for 24 h. These
treatments were applied to investigate specific molecular
pathways and their effects on cellular processes.

To culture cells in various nutrient withdrawal condi-
tions, we used Arg-free (-Arg) DMEM (Thermo Fisher
Scientificsupplemented with 10% (vol/vol) dialyzed FBS
(Gemini Bio; Sacramento, CA, USA), 1% (vol/vol) Peni-
cillin-Streptomycin and 146 mg/L L-lysine (Millipore-
Sigma) to achieve Arg withdrawal. Cells were initially
cultured in the complete medium until desired cell den-
sity was reached. The complete medium was aspirated off
and the cells were washed briefly with phosphate-buft-
ered saline (PBS) and continued to be incubated in the
-Arg medium for 24 or 48 h, based on the experimental
design at 37 °C prior to harvesting. For the ArgS treat-
ment, cells were seeded in 12-well plates and treated with
Arg deiminase pegylated with 20,000-molecular-weight
polyethylene glycol (ADI-PEG20) ([44], 1 pg/ml; Polaris
Pharmaceuticals, San Diego, CA, USA) in the complete
medium for 24, 48, and 72 h, depending on the experi-
mental design, as described previously [7, 33]. To achieve
Glc withdrawal, Glc-free medium was prepared from
the DMEM (without Glc and sodium pyruvate; Thermo
Fisher Scientific) supplemented with 10% (vol/vol) dia-
lyzed FBS, 1% (vol/vol) Penicillin—-Streptomycin, and
1 mM sodium pyruvate (Thermo Fisher Scientific). Simi-
larly, Gln-free medium was prepared from the DMEM
(without Glc, Gln, and sodium pyruvate; Thermo Fisher
Scientific) supplemented with 10% (vol/vol) dialyzed
EBS, 1% (vol/vol) Penicillin—Streptomycin, 1 mM sodium
pyruvate, and 25 mM Glc (MilliporeSigma). Cells were
washed twice with PBS, followed by continued incuba-
tion in Glc- or Gln-free medium for 24 or 48 h, depend-
ing on experimental design.

Immunoblotting

Cells were lysed in Laemmli sample buffer (0.045 M
Tris—HCI pH 6.8, 10% glycerol, 1% sodium dodecyl-sul-
fate (SDS), 0.01% bromophenol blue, 0.05 M dithiothrei-
tol (DTT) supplemented with PhosSTOP™ phosphatase
inhibitor cocktail (1X; Roche, Basel, Switzerland) and
OGA inhibitor-Thiamet G (1 uM; MilliporeSigma)
prior to use. The cell lysates in the sample buffer were
then boiled for 10-15 min. Protein concentrations were
determined by the Bradford assay reagent (BioRAD).
Samples were separated by SDS polyacrylamide (12 or
12.5% of acrylamide) gel electrophoresis and separated
protein species were subsequently transferred to a poly-
vinylidene fluoride transfer membrane. Each membrane
was horizontally split into multiple strips, based on pre-
stained protein ladder with a broad molecular weight
(10-245 kDa), to simultaneously probe for different
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proteins with desired antibodies. The membranes were
then blocked with 5% nonfat dry milk and 0.05% Tween
20 in PBS) for 1 h at room temperature and then probed
with specific primary antibodies in 5% BSA and 0.05%
Tween 20 in PBS at 4 °C overnight. Blots were washed
with PBST (0.05% Tween 20 in PBS) three times (10 min
each) and then incubated with the appropriate second-
ary antibodies for 1 h at room temperature prior to visu-
alization using Versadoc 3000 Imaging System (BioRAD)
and quantified by Image Lab software (BioRAD). All the
antibodies used in present study were listed in Additional
file 2: Table S2.

Metabolic labeling with N-azidoacetylglucosamine
tetraacylated (GIcNAz) and biotin enrichment

The O-GlcNAz labeling of proteins was performed
using the azido sugar GIcNAz (Thermo Fisher Sci-
entific) dissolved in DMSO to create a stock solution
(10 mM). Cells were incubated in medium containing
GlcNAz (50 uM) for 48 h. Cell lysis buffer (Cell Sign-
aling) was used for sample collection and was sup-
plemented with a PhosSTOP™ phosphatase inhibitor
cocktail (1X) and an OGA inhibitor (1 pM) prior to
use. Freshly prepared cell lysis buffer (1 ml) was added
to each 10-cm culture dish, and the dishes were then
placed on ice for 5 min. The cell lysates were then
transferred into Eppendorf tubes and rotated at 4 °C
for an additional 15-20 min to maximize lysis. The
lysates were collected by centrifugation at 14,000 g
at 4 °C for 10 min and the supernatant containing the
proteins was collected. The protein concentration of
the collected supernatant was determined using Brad-
ford assay reagent. To pull down O-GlcNAz-modified
proteins, 1.5-2 mg equivalent of whole cell extracts
in an adjusted volume to 300 pl of cell lysis buffer
were used. To biotinylate O-GlcNAz-modified pro-
teins, phosphine-polyethylene glycol (PEG)3-Biotin
(Thermo Fisher Scientific) was added to the protein
lysates to a final concentration of 200 uM. The samples
were inverted several times and incubated at 37 °C for
2 h. Unreacted phosphine-PEG3-Biotin reagent was
removed by chloroform/methanol precipitation. 600 pl
of methanol and 300 pl of chloroform were added to
each sample, and the samples were vortexed briefly.
300 pl of ddH,O was added, and the samples were
vortexed again. The samples were then centrifuged at
15,000xg for 5 min, and the aqueous phase was dis-
carded. The resulting protein pellet was washed with
methanol (1 ml) twice and resuspended in lysis buffer
(200 pl) containing PhosSTOP™ phosphatase inhibitor
cocktail (1X) and OGA inhibitor (1 pM). O-GlcNAz-
modified biotinylated proteins were pulled down by
High-Capacity Streptavidin Agarose (Thermo Fisher
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Scientific) (30 ul) by incubating overnight with end-
over-end rotation at 4 °C. The agarose beads were then
washed with PBS buffer five times to remove any non-
specifically bound proteins. The GIlcNAz-modified
proteins were eluted by adding sample buffer (0.045 M
Tris—HCI pH 6.8, 10% glycerol, 1% SDS, 0.01% bromo-
phenol blue, 0.05 M DTT, 1X PhosSTOP"" phosphatase
inhibitor cocktail, and 1 uM OGA inhibitor to the
beads and incubating for 15 min at 100 °C. The eluted
O-GlcNAz-modified proteins were then analyzed by
immunoblotting using appropriate antibodies against
the proteins of interest.

Sample preparation and proteomic analysis

of O-GIcNAz-labeled proteins

The O-GlcNAz-labeled proteins were prepared and
enriched by pull-down with magnetic beads. The beads
were washed with PBS buffer five times and the super-
natant was discarded. The O-GIcNAz proteomics analy-
sis and identification were conducted by the Harvard
Center for Mass Spectrometry at Harvard University.
Samples were digested on the beads with tetraethylam-
monium bromide (TEAB) and trypsin. Briefly, 500 pl of
50 mM TEAB buffer was added and heated at 95 °C for
5 min, then cooled to room temperature before being
digested with trypsin for 3 h. Samples were analyzed on
an Orbitrap Lumos mass spectrometer from Thermo
Fisher Scientific, equipped with a dual pump Ultimate
3000 nanoLC system also from Thermo Fisher Scientific.
Peptides were separated using a 5 ¢cm of 100 pm inner
diameter microcapillary trapping column packed with
C18 Reprosil resin (paricle size: 5 um, pore size: 100 A)
from Dr. Maisch GmbH (Ammerbuch, Germany) and
an analytical column uPAC Column 50 cm from Phar-
maFluidics (ESI Source Solutions, Woburn, MA, USA).
Separation was achieved by applying a gradient from
5-27% acetonitrile in 0.1% formic acid over 180 min at
a flow rate of 200 nl/min. Electrospray ionization was
enabled by applying a voltage of 1.8 kV and sprayed from
fused silica pico tips (New Objective, Littleton, MA,
USA). The mass spectrometer was operated in the data-
dependent mode, with a survey scan performed in the
Orbitrap in the range of 395-1,800 m/z at a resolution of
6x 10% followed by CID-MS/MS fragmentation of the 20
most intense ions in the ion trap, using a precursor isola-
tion width window of m/z 2, AGC setting of 10,000, and
a maximum ijon accumulation of 200 ms. Singly charged
ion species were not subjected to CID fragmentation.
The normalized collision energy was set to 35 V and an
activation time of 10 ms. Ions within a 10 ppm window
around ions selected for MS/MS were excluded from fur-
ther selection for fragmentation for 60 s.
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Mass spectrometry data analysis

Raw data were analyzed using Proteome Discoverer 2.4
software (Thermo Fisher Scientific). MS/MS spectra were
assigned using the Sequest HT algorithm by searching
against a protein sequence database including known
contaminants and a user-submitted Amyloid database.
Sequest HT searches were performed with a 20 ppm pre-
cursor ion tolerance and allowing up to two missed cleav-
ages. A 1% false discovery rate (FDR) on both protein and
peptide levels was achieved by applying a target-decoy
database search. Filtering was done using Percolator and
Carbamidomethyl and methionine oxidation were set as
static and variable modifications respectively. Label-free
quantification (LFQ) of proteins was conducted using
LFQ functions of Proteome Discoverer 2.4. Identified
proteins were analyzed for pathway enrichment using
DAVID Bioinformatics Resources 6.8.

Site-specific elF2a mutagenesis

To generate expression constructs harboring the mutated
elF2a O-GlIcNAcylation or phosphorylation sites, site-
directed mutagenesis was performed using the Q5® Hot
Start High-Fidelity system (NEB, Ipswich, MA, USA),
according to the manufacturer’s instruction, with primers
designed to generate the desired mutations (sequences
listed in Additional file 2: Table S3). Briefly, after PCR
amplification, the resulting PCR products were directly
added to Kinase-Ligase-Dpnl (KLD Enzyme Mix) for
5-10 min to circularize the PCR products and to remove
the template. The ligated PCR products were transformed
into NEB® 5-alpha Competent Escherichia. coli (High
Efficiency) (NEB) following manufacturer’s instruction.
The bacterial cells were selected using LB agar plates
(Sigma-Aldrich) containing either ampicillin (50 pg/
ml; Thermo Fisher Scientific) or kanamycin (50 pg/ml;
Thermo Fisher Scientific) at 37 °C overnight. Single colo-
nies were selected and subjected to plasmid purification
using the QIAprep Spin Miniprep Kit (Qiagen, Hilden,
Germany) following manufacturer’s protocol. Purified
plasmid DNAs were sequenced by Integrative Genomics
Core (City of Hope, Duarte, CA, USA) for the final iden-
tification of the desired clones.

Overexpression or knockdown transfection

DNA (2 pg) of HO-1 expression construct pcDNA3.1+
HMOX1/C-(K)DYK (GenScript, Piscataway, NJ, USA) or
elF2a expression construct pcDNA3.1+ EIF251/C-(K)
DYK (GenScript) was mixed with Lipofectamine 2000
(4 pl; Thermo Fisher Scientific) and transfected into
5x10° cells (per well/6-well plate) for HO-1 or elF2a
transient overexpression, according to manufacturer’s
instruction. At 48 h post-transfection, the expression
of the transfected protein of interest was validated by
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immunoblot analysis. Individual siRNA targeting HO-1
(Sigma-Aldrich, St. Louis, MO, USA), and elF2a (Sigma-
Aldrich) was used for respective knockdown, respec-
tively. Briefly, 5x10° cells per well were seeded into a
6-well plate. Individual siRNAs (30-40 nM) mixed with
Lipofectamine RNAIMAX (90-120 pl; Thermo Fisher
Scientific) were used for transfection per well to achieve
transient knockdown of protein of interest. At 48 h post-
transfection, the expression of protein of interest was val-
idated by immunoblot analysis.

Lentiviral production

3.4x10° HEK293T cells were seeded into a 10-cm dish at
least 24 h prior to the day of transfection. Once the cells were
attached to the plate, the existing medium was replaced with
fresh DMEM (10 ml; Thermo Fisher Scientific). The trans-
fection mixture was prepared as follows: Lipofectamine
2000 (51 pl; Thermo Fisher Scientific) was mixed with the
psPAX2 DNA (5.6 pg, the viral packing vector; Addgene,
Watertown, MA, USA), pMD2.G DNA (5.6 pg, the viral
envelope vector; Addgene), and elF2a lentiviral plasmid
DNA (pReceiver-Lv203EIF2SA/C-FLAG-SV40-eGEFP-
IRES-puromycin; 5.6 pg). Lipofectamine ™ 2000 (51 pl) and
plasmid DNAs were added to Opti-MEM (850 ul; Thermo
Fisher Scientific) and then mixed at room temperature for
5 min. The Lipofectamine/DNA mixture was then added to
the HEK293T cells and allowed to incubate for 24 h. On the
following day, the medium was aspirated, and fresh DMEM
(8 ml) was added to the cells, which were allowed to incu-
bate for another 24 h. The virus particles were harvested at
48, 72, and 96 h post-transfection and pooled. The resulting
viral stock was aliquoted and stored at — 80 °C.

Stable cell line generation

Stable cell lines were generated from transfection or
viral transduction of desired protein followed by antibi-
otic selection. To generate HO-1 stably overexpressing
cell line, pcDNA3.1+HMOX1/C-(K)DYK DNA (2 pg/
well) was transfected, using Lipofectamine 2000, into
5% 10° cells/well. At 48 h post-transfection, G418 (1 pg/
ml; MilliporeSigma) was added for selection. After a one-
week selection, HO-1 protein expression was analyzed by
immunoblotting analysis using antibodies against HO-1
(Novus Biologicals, Centennial, CO, USA) and FLAG
(Proteintech, Rosemont, IL, USA), respectively. To gener-
ate elF2a stably overexpressing cell line, 500—1000 pl of
lentivirus particles based on pReceiver-Lv203EIF2S1/C-
Flag-SV40-eGFP-IRES-puromycin (GeneCopoeia, Rock-
ville, MD, USA) were used to transduce 5x 10° cells in the
presence of polybrene (10 pg/ml; MilliporeSigma). Trans-
duction efficiency was monitored by green fluorescent
protein (GFP) after 24 h infection. The virus-containing
medium was replaced with the complete medium and
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then puromycin (1 pg/ml MilliporeSigma) was added
for selection. eIF2a protein expression was confirmed by
immunoblotting analysis.

RNA isolation and quantitative real time polymerase chain
reaction (qPCR)

TRIzol® Reagent (Invitrogen, Waltham, MA, USA) was
used for RNA isolation following manufacturer’s proto-
col [45]. The RNA pellet was resuspended in RNase-free
water (30-50 pl). To quantify the target mRNA levels,
RNA was first reversed transcribed into ¢cDNA, using
the iScript” cDNA synthesis kit (BioRAD, Hercules,
CA, USA) following manufacturer’s protocol. The cDNA
was then subjected to CFX96" Real-Time PCR detec-
tion system (BioRAD) with iTaq Universal SYBR Green
Supermix (BioRAD) according to the manufacturer’s
instruction. The reaction was performed in the iQ5 Ther-
mal Cycler (Bio-Rad) and data was analyzed by the 2~
AACt method [46] and normalized to GAPDH; n=3. The
primer sequences are listed in Additional file 2: Table S1.

Reactive oxygen species (ROS) analysis

Cells were incubated with 2’-7’-dichlorodihydrofluo-
rescein diacetate (DCF-DA; 1 puM; MilliporeSigma) or
CellROX™ Deep Red Reagent (Invitrogen) in the cul-
ture medium for 30 min. Cells were collected and resus-
pended in PBS (1 ml) containing BSA (1%), and analyzed
immediately by flow cytometer Accuri C6 (BD, Franklin
Lakes, NJ, USA) using the FL-1 green or FL-4 red fluores-
cence detectors as described previously [7, 33].

Cell viability and cell recovery assay

Cell viability was determined by using the acid phos-
phatase (ACP) assay. Briefly, cells were plated in 12-well
plates and incubated for defined periods based on experi-
mental design. The cells were then washed with PBS
once and incubated with ACP assay buffer (400 pl, 0.1 M
sodium acetate and 0.1% Triton X-100, pH 5.0), supple-
mented with 4-Nitrophenyl phosphate disodium salt
hexahydrate (pNPP) (7 mM; MilliporeSigma) at 37 °C for
30 min. After incubation, NaOH (40 pl, 1N) was added
to each well. Absorbance at 410 nm was measured with
a SYNERGY HI1 microplate reader (BioTEK, Winooski,
VT, USA). The cell recovery assay was performed as a
modified cell viability assay. Briefly, following treatment,
such as Arg withdrawal for defined periods, the culture
medium was replaced with a complete medium and
incubated for an additional 24, 48, or 72 h, prior to ACP
assays, depending on the experiment design.
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Cell migration assay

Cells were suspended in 1x10° cells/ml mixture with
culture medium, and the cell mixture (70 pl) was then
seeded into the Culture-Insert 2-Well (iBiDi, Gréfelf-
ing, Germany). After overnight incubation to allow cell
attachment, the 2 well silicon insert was removed to
create a cell-free gap. The plates were gently filled with
the desired medium to allow for the visualization of cell
migration.

Sphere formation, cryosection, and immunofluorescence
5-8x10° BT-549 cells were seeded into 96-cell Ultra-
Low Attachment plates (Corning Incorporated, NY, USA)
and incubated in the complete medium for 48 h to allow
for sphere formation. Then the complete medium was
replaced with Arg-free medium for the next 24 h. Spheres
were collected for immunofluorescent staining analy-
sis. Briefly, spheres were fixed in paraformaldehyde (4%)
at 4 °C overnight. After washing with PBS three times,
spheres were embedded in a cryomold (Thomas Scientific,
Swedesboro, NJ, USA) with Tissue-Tek® Optimal Cut-
ting Temperature (O.C.T.) (Sakura Finetek, Torrance, CA,
USA) compound. Embedded cell spheres can be stored at
— 80 °C or subjected to cryosection to slice an 8-pm thick
sphere section using Research Cryostat (Leica Biosystems,
Wetzlar, Germany). Sphere sections were fixed on X-tra
clipped adhesive microscope slides (Leica Biosystem) for
the immunofluorescent staining. Briefly, sphere sections
were incubated/treated in Triton X-100 (0.1% in PBS)
for 15 min to permeabilize the cells. The samples were
blocked with BSA/Triton X-100 (2% BSA and 0.3% Tri-
ton X-100 in PBS) for 1 h. Sections were then incubated
with the primary anti-HO-1 antibody (1:200 dilution). in
a 4 °C humidified incubator overnight. After the unbound
primary antibodies were removed by washing three times
with PBS, the sphere section was incubated with a goat
anti-mouse secondary antibody conjugated with Alexa
Fluor 488 (1:500 dilution; Thermo Fisher Scientific) at
room temperature for 1 h. The sections were then incu-
bated in DAPI solution (5 pM; Invitrogen) for 10 min to
localize the nucleus, followed by two PBS washes. Sections
were dried and mounted in ProLong Diamond Antifade
Mountant (Invitrogen) for permanent storage. Fluorescent
mages were captured by a Zeiss Observer II microscope
(Zeiss, Jena, Germany). HO-1 signals were quantified by
Image ] (NIH, Bethesda, MD, USA).

HMOX1 ARE-driven reporter assay

The dual firefly and Renilla reporter assay was performed
to test HMOXI antioxidant response element (ARE)-
dependent transcriptional control. Briefly, cells were
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seeded into 12-well plates at a density of 2x 10° per well
and incubated overnight. Cells were then transiently co-
transfected with HMOX-1 ARE-FLuc reporter plasmid
(from Reen Wu, UC Davis, CA, USA) or firefly luciferase
empty vector, as well as pRL-SV40 Renilla luciferase
reporter plasmid (Promega, Madison, WI, USA) (serv-
ing as an internal control). At 48 h post-transfection, cells
were transferred to Arg-free medium for an additional
24 h prior to dual luciferase assay. HMOX-1 ARE-FLuc
firefly and Renilla luciferase activities were assessed by
adding ONE-Glo™ EX Reagent and NanoDLR™ Stop
& Glo® Reagent sequentially using Dual-Luciferase®
Reporter Assay System according to manufacturer’s
instruction (Promega). Firefly luminescence and Renilla
luminescence were measured by SYNERGY H1 micro-
plate reader. All the firefly luminescence readings were
normalized with Renilla luminescence values and pre-
sented as the relative fold differences compared to the
control group.

Metabolic labeling of newly synthesized proteins

The Click-iT Protein labeling method [47] was used to
label newly synthesized proteins. Cells were incubated
in Met-free medium (Axxora, Farmingdale, NY, USA)
containing the Met analog l-azidohomoalanine (AHA;
250 uM; Click Chemistry Tools, Scottsdale, AZ, USA)
for 6 h. After incubation, cells were lysed in RIPA buffer
(300 pl, 50 mM Tris HCI, pH 7.4, 150 mM NacCl, 2.5 mM
Tris (2-carboxyethyl)phosphine) and PhosSTOP™ phos-
phatase inhibitor cocktail (1X). After centrifugation at
12,000xg at 4 °C for 20 min, the supernatant was col-
lected. 1 mg of protein supernatant was used for pull-
down assay. Approximately 1 mg equivalent of protein
supernatant was used for pull-down assay by adjusting
the volume to 300 ul with RIPA buffer. The newly syn-
thesized AHA-incorporated protein was crosslinked
to biotin-PEG4-alkyne by a Cu(I) (ACROS, Waltham,
MA, USA)-catalyzed cycloaddition (Click-iT) reac-
tion. The reaction mixture (200 ul/1 mg protein sample,
0.2 mM biotin-PEG4-alkyne, 1 mM L-ascorbate, 1 mM
CuSO4, and 0.1 mM Tris (3-hydroxypropyltriazolylme-
thyl)amine ligand) was prepared in potassium phosphate
buffer (200 pl; 100 mM, pH 7.0) and the unconjugated
biotin-PEG4-alkyne reagent was removed by chloroform/
methanol participation as described above. The resulting
protein disk was washed with methanol (1 ml) two times
and resuspended in resuspension buffer (200 pl; 50 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 2%
SDS, 150 mM NacCl) with briefly sonicated. The protein
was diluted with 600 pl of RIPA buffer, and 30 pl of a 50%
Streptavidin Agarose slurry was added to the sample. The
samples were incubated on a rotator overnight at room
temperature. The beads were centrifuged at 500xg for
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2 min, followed by six washes with 1 mL of RIPA buffer
and two washes with ddH,O. The pulled-downed pro-
teins were eluted into sample buffer by boiling for 15 min.
Total protein inputs and newly synthesized proteins that
were pulled-down were analyzed by immunoblotting.

Gene expression and overall survival analysis

HMOX-1 gene expression data from the TCGA (The
Cancer Genome Atlas) Pan-Cancer project [48] was used
in this study. Log2-transformed RNA-Seq by Expecta-
tion—Maximization (RSEM) expression values were used
for boxplots. Statistical p-values between groups were
determined by Wilcoxon tests. The data from Tang et al.
[49] was used to plot the Kaplan—Meier curves for esti-
mating overall survival, including 58 breast tumors hav-
ing both HO-1 proteomics and survival data with the
time-to-death greater than 0. The group with detectable
HO-1 (peptide spectral counts larger than zero; n=16)
was compared to the group with no detectable HO-1
peptides (n=42). The analysis was conducted using sur-
vival package (version 3.2.10) in R.

Xenograft mouse model, Arg-free diet, and tumor
characterization

Luciferase-labeled BT-549 cells (3.3 10°) were injected
into the mammary fat pads of 6-week-old female NOD.
Cg-PrkdcscidIl2rgtm1Wijl/Sz] (NSG) mice as reported in
[7, 33, 35, 36]. The recipient mice were then divided into
2 groups. One group was fed an Arg-free diet (Teklad
diet TD.09152; ENVIGO, Indianapolis, IN, USA), and the
other group was fed a control diet (Teklad diet TD.01804;
ENVIGO). The diet feeding was a week prior to tumor
implantation and continued for 3 weeks. At 2 weeks post
tumor implantation, the tumor masses were excised en
bloc and then fixed in 10% neutral-buffered formalin for
48 h.

Immunohistochemistry (IHC) analysis

The tissue samples were processed by the Pathology
Core at City of Hope, which included embedding, sec-
tioning, and immunohistochemical staining. The HO-1
IHC analysis was performed using the Ventana Discov-
ery Ultra (Ventana Medical Systems, Roche Diagnostics,
Indianapolis, USA) automated stainer. Briefly, 5 um sec-
tions of tissue were mounted on positively charged glass
slides. The slides were deparaffinized and rehydrated,
then treated with an endogenous peroxidase activity
inhibitor and antigen retrieval reagent. They were then
incubated with an anti-human HO-1 mouse monoclonal
primary antibody (1:500; Novus Biologicals), followed
by an anti-mouse IgG1+IgG2a-IgG3 rabbit monoclonal
secondary antibody (1:500; Abcam, Cambridge, UK). The
staining was visualized using the ChromoMap DAB Kit
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(CRB DISCOVERY) and counterstained with hematoxy-
lin (Ventana) and cover slips. After IHC staining, whole
slide images were acquired using the NanoZoomer S360
Digital Slide Scanner (Hamamatsu Photonics, Las Vegas,
NV, USA) and viewed using the NDP.view image viewer
software (Hamamatsu Photonics).

Statistical analysis

Data are presented as the mean and standard error of the
mean (mean +s.e.m.). Statistical analyses were conducted
using GraphPad Prism 7.0 software (GraphPad Prism
Software Inc., San Diego, CA, USA). Most experiments
included at least three independent biological replicates
for each condition. Two Way ANOVA-Tukey or Dunnett
multiple comparison and One Way ANOVA were used to
compare means. The center value is defined as the mean
value, and s.e.m. was used to calculate and plot error bars
from raw data. For TCGA RNA-Seq database analyses
with large sample sizes, the non-parametric Wilcoxon
test was used. A p-value of <0.05 was considered statisti-
cally significant.

Results

ArgsS alters O-GlcNAcylation of translational factors

To examine whether Arg regulates protein O-GlcNAcyla-
tion, we first examined global protein O-GlcNAcylation
profiles in the + Arg contexts (Additional file 1: Fig. S1A).
As a positive control, we confirmed that BT-549 breast
cancer cells exhibiting Glc- and Gln-sensitive (Addi-
tional file 1: Fig. S1A). Immunoblotting blot analysis
with an O-GlcNAc-specific antibody revealed that global
O-GlcNAcylation was suppressed by ArgS (Additional
file 1: Fig. S1A, 3rd panel). After confirming that ArgS,
like other metabolic stress induced by Glc or Gln depri-
vation, repressed the global O-GlcNAcylation profile, we
sought to understand how O-GlcNAcylation is impacted
by nutrient restriction. Given that O-GIlcNAcylation can
be regulated by the addition or removal of UDP-GIcNAc
to target proteins, we therefore tested whether OGT
and OGA levels were sensitive to nutrient restriction in
BT-549 cells. We found that no consistent changes in
OGT or OGA level were observed by Western analyses
under Glu, Gln or Arg withdrawal (Additional file 1: Fig.
S1A, top 2 panel). The level of UDP-GIcNAc, a substrate
for OGT, is controlled by the enzymes in HBP pathway
(Additional file 1: Fig. S1B). To address the possibility
that ArgS regulates O-GlcNAcylation at the level of UDP-
GIcNAc generation, we explored whether ArgS-mediated
suppression of O-GlcNAcylation is associated with the
alterations in the gene expression of the HBP. Our RT-
PCR analysis; however, demonstrated an increase in the
mRNA expression of all HBP enzymes, including the
rate-limiting enzyme glutamine-fructose-6-phosphate
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aminotransferase 1 (GFAT1) during ArgS (Additional
file 1: Fig. S1C). It is possible that ArgS does not suppress
global O-GIcNAcylation at the level of O-GlcNAc cycling
enzymes or its source.

Next, we utilized GIcNAz-based proteomics (Addi-
tional file 1: Fig. S1D) to identify 2054 O-GIcNAz-mod-
ified proteins, whose levels were influenced by ArgS in
BT-549 cells. While the majority of identified O-Glc-
NAz-modified proteins showed decreased abundance
as expected, a minor fraction of O-GlcNAz-modified
proteins increased (Additional file 1: Fig. S1E), revealing
both positive and negative effects on the protein O-Glc-
NAcylation landscape. We speculate that the decreased
overall O-GlcNAcylation upon ArgS (Additional file 1:
Fig. S1A) might reflect relatively higher overall abun-
dance for these down-regulated proteins in BT-549 cells.
Of the 2054 O-GlcNAz-modified proteins identified,
248 O-GlcNAz-modified proteins were detected in 4
major pathways: cellular response to starvation, unfolded
protein response (UPR), cellular responses to stimuli
(hypoxia, reactive oxygen species, and heat), and metabo-
lism of proteins (Fig. 1A, Additional file 3: Table S4, S5).
Notably, 3 of enriched 248 O-GlcNAz-modified proteins,
EIF2S1 (elF2a), EIF2S2 (elF2p), and EIF2S3 (eIF2y), were
associated with all 4 ArgS-regulated pathways (Fig. 1A).
To gain more insight into the impact of ArgS-regulated
O-GlcNAcylation, DAVID bioinformatics database was
queried to visualize functional pathways partaken by
these 2054 O-GlcNAz-modified proteins in parallel. Fig-
ure 1B, C show that 363 of 2054 O-GlcNAz-modified
proteins were placed into 38 functional pathways, includ-
ing cytoplasmic ribosomal proteins, translational ini-
tiation, and biosynthesis pathway. Again, 13 out of 363
O-GlcNAz-modified proteins, including elF2a, were
related to eukaryotic protein translation and/or eIF2 reg-
ulation (Fig. 1D), raising the question of what role elF2a
O-GlcNAcylation might play in the adaptive response to
ArgS.

elF2a O-GlcNAcylation downregulates antioxidant
capacity, cell recovery and migratory ability upon ArgS
Based on the aforementioned data, we hypothesized that
ArgS could regulate protein translational initiation by
inducing elF2a O-GlcNAcylation. This can help deter-
mine whether it is an adaptive response pro-survival
or not. To test this possibility, we utilized a metabolic
labeling approach with GIcNAz and azide-phosphine
(Staudinger) ligation coupling strategies (Additional
file 1: Fig. S1D). We confirmed that HEK293T cells
deprived of Arg displayed heightened signals of O-Glc-
NAz-modified endogenous elF2a, as well as exogenous
FLAG-tagged elF2a, within enriched O-GIcNAz-mod-
ified proteins compared to control cells (Fig. 2A). To
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Fig. 1 The dynamic changes of elF2 O-GIcNAcylation upon ArgS. A A Venn diagram was generated to depict the overlap between 2054
0O-GlcNAz-modified proteins that were pulled down (Additional file 3: Table S4, S5) in different ArgS-induced pathways (as obtained from Reactome.

org). B A pathway enrichment analysis was performed on O-GIcNAz-modifie

d proteins (using the WIKIPATHWAYS database) to identify those

significantly affected (FDR < 0.05) by ArgS. C The 363 O-GIcNAz-modified proteins identified in the pathway enrichment analysis B were grouped
by function using the STRING database. D A heatmap was generated to show the log10 abundance ratio of O-GIcNAz-modified proteins involved

in eukaryotic protein translation that were significantly changed (FDR < 0.05)

based on proteomics analysis under the indicated conditions. The

O-GlcNAz-modified eukaryotic factors/regulators were clustered based on their level changes relative to control, with samples prepared from

BT-549 cells (n=3). The cells were treated with an -Arg medium (or not) and

further examine the role of elF2a O-GlcNAcylation in
this process, we designed an O-GlcN-mut elF2a expres-
sion construct by replacing Ser219, Thr239, and Thr241
[50] with alanine (Ala) via site-specific mutagenesis.
Using pulldown followed by Western analysis, we tested

GIcNAZ (50 uM) for 48 h prior to collection and protein extraction

whether the Ser219, Thr239, and Thr241 residues are
the major ArgS-induced O-GlcNAcylation sites on
elF2a. Specifically, an anti-FLAG antibody was used to
detect the FLAG-tagged O-GlcN-mut elF2a in pulled-
down O-GIcNAz-modified proteins under both control
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(complete medium) and ArgS conditions. Of note, even
with a longer exposure (Fig. 2B, 2nd panel), we did not
detect any O-GlcNAcylation of the mutant elF2a, con-
firming that these three residues are indeed the major
ArgS-induced O-GlcNAcylation sites on elF2a. Next, we
examined whether elF2a O-GlcNAcylation was sensitive
to other nutrient stresses in BT-549 cells. Specifically, we
tested the effects of Gln and Glc withdrawal on endog-
enous elF2a O-GlcNAcylation levels using O-GIcNAz-
modified elF2a as a marker. Interestingly, we found that
unlike ArgS, neither Gln restriction nor Glc limitation
was able to increase O-GlcNAz-modified elF2a levels
(Additional file 1: Fig. S1F). These results suggest that
ArgS is a unique metabolic stressor that induces elF2a
O-GlcNAcylation in BT-549 cells under different nutri-
ent stress conditions.

Lastly, to assess the functional impact of the loss of
elF2a O-GlcNAcylation on the adaptive response to
ArgS, assays for oxidative stress, cell recovery from ArgS,
and cell migration were performed. As shown in Fig. 2C,
overexpression of O-GlcN-mut elF2a nearly abolished
the increase in ArgS-induced oxidized CellROX signals
in BT-549 cells. Next, we developed a cell recovery assay
to evaluate the effect of el[F2a O-GlcNAcylation on cell
recovery from ArgS. The cell recovery assay is based on
the daily cell viability after Arg is re-supplemented at 24 h
post ArgS for 5 days. An improved cell recovery following
ArgS was noticed in O-GIcN-mut elF2a-overexpressing
BT-549 cells, compared with wild type (WT) elF2a
(Fig. 2D). Lastly, O-GlcN-mut elF2a conveyed improved
cell migration upon ArgS (Fig. 2E). We thereby surmised
that ArgS induces elF2a O-GlcNAcylation leading to
impaired cell recovery and migration and elevated ROS
accumulation.

ArgS downregulates HO-1 protein level to promote
oxidative stress

To unravel the mechanism underlying how elF2a O-Glc-
NAcylation promotes oxidative stress in Arg-starved

(See figure on next page.)
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cells, we investigated the expression level of selected
antioxidant defense and redox-regulatory proteins,
namely the HO-1, CDGSH iron-sulfur domain-con-
taining protein 2 (CISD2), superoxide dismutase type 1
(SOD-1), and glutathione reductase (GSR) [40, 51-53].
We have previously shown that ArgS-triggered UPR
induces transcriptional factor ATF4 expression [7].
ATF4 regulates the expression of genes involved in the
antioxidant protein synthesis to reduce oxidative stress.
Here, we compared these antioxidant protein levels in
the + Arg context to those of cells treated with a known
ER stress inducer, TN (2 pg/ml) [41]. Compared to the
control (complete medium) and TN treatment, ArgS
reduced HO-1 expression (Fig. 3A). Likewise, treatment
with ADI-PEG20 (1 pg/ml), which hydrolyzes Arg to cit-
rulline and ammonia [44], also significantly decreased
HO-1 protein levels (Additional file 1: Fig. S2A), sug-
gesting that our observations on HO-1 downregulation
applied to both ArgS (by removing extracellular Arg) and
Arg deprivation (using ADI-PEG20). This downregula-
tion of HO-1 protein level upon ArgS was reversible by
Arg replenishment, reaching the max at 12 h post Arg
re-supplementation (Additional file 1: Fig. S2B). The
observed downregulation of HO-1 and SOD-1 distin-
guished ArgS from the canonical ER stress. Next, TCGA
database indicated that all mRNAs encoding HO-1,
CISD2, SOD-1 and GSR in breast tumors were signifi-
cantly higher than those in normal tissues (Additional
file 1: Fig. S2C [48]). It is worth noting that HMOX1I
mRNA, which encodes HO-1, was significantly higher in
tumor tissues than in their corresponding normal tissues
in 5 out of 17 common cancer types, including breast
cancer (Additional file 1: Fig. S2D [48]). In addition,
HMOX1 mRNA abundances in primary breast tumors
of all 4 molecular subtypes were higher than in normal
breast tissues (Additional file 1: Fig. S2E [48],). Lastly,
Kaplan—Meier survival curves revealed that HO-1 pro-
tein levels in tumor were inversely correlated with the
overall survival rate in breast cancer patients (Additional

Fig. 2 The O-GIcNAcylation of elF2a downregulates the antioxidant capacity, cell recovery and migratory ability of breast cancer cells in response
to ArgS. A Immunoprecipitation coupled with immunoblot analysis was performed to measure the levels of GIcNAz-modified (O-GIcNAcylated)
proteins in parental HEK 293T cells (n=3; left panel). The O-GIcNAz-modified elF2a level was calculated by normalizing the densitometric tracing of
elF2a signal to the H3 signal (right panel). The values were quantified using Imagel.AB software and adjusted for background. B The same analysis
was performed in WT and O-GIcN-mut, elF2a overexpressing HEK 293 T cells (n=2; left panel). The O-GIcNAz-modified elF2a level was calculated
as described in A, and the ratio in each experimental condition was compared to the reference (WT+ Arg, set to 1; left panel). One representative
immunoblot is shown for each analysis, with indicated antibodies. The black arrowheads indicate endogenous elF2q, and the white arrowheads
indicate FLAG-tagged elF2a. C The levels of ROS were measured in BT-549 cells stably expressing WT or O-GIcN-mut elF2a after 48 h of ArgS

™

treatment (n=3). The ROS levels were quantified using CellROX™" and flow cytometry. D The relative cell recovery was monitored in BT-549 cells
stably overexpressing WT or O-GIcN-mut elF2a over a 5-day period, after 24 h of ArgS treatment and replacement with complete medium. The
cell recovery was determined using ACP assays and the data were normalized to the values of Day 0, set to 1. E The cell migration was measured
in BT-549 cells stably overexpressing WT or O-GIcN-mut elF2a after 24 h of ArgS treatment and replacement with complete medium. The cell
migration was determined by calculating the % confluency within the gap area and was imaged and quantified using Image J software at 0, 12,
24, and 30 h. Data are presented as mean +s.e.m. and analyzed using Two-Way ANOVA followed by Tukey's multiple comparison test. Statistical

significance was determined with *p < 0.05; **p <0.01; ***p < 0.001
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Fig. 2 (Seelegend on previous page.)

file 1: Fig. S2F [49],). Based on these observations, we
hypothesized that the downregulation of HO-1 resulted
in the elevated ROS accumulation upon ArgS. To test
this possibility, we first examined HO-1 protein abun-
dance in eight different breast cancer cells and found that

BT-549 expressed high levels of HO1 whereas MDA-
MB-231 expressed nearly undetectable levels of HO-1
(Additional file 1: Fig. S3A). To ascertain the relationship
between HO-1 expression/activity and the cell fate in the
context of ArgS, we overexpressed and knocked down
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HO-1 or induced and inhibited HO-1 activity in HO-1
low MDA-MB-231 cells and HO-1 high BT-549 cells,
respectively. As such, BT-549 cells were transfected with
siHMOX]1 or treated with an HO-1 competitive inhibi-
tor, ZnPPIX (5 uM), an analog of heme [17, 18, 54], to
suppress HO-1 abundance or activity (Additional file 1:
Fig. S3B, left panels). Consistent with previous reports
[17, 18, 54], HO-1 protein expression was induced in
ZnPPIX-treated BT-549 cells (Additional file 1: Fig.
S3B, lower left panel). Both genetic and pharmacological
manipulations notably induced ROS production upon
ArgS compared with control (Fig. 3B, upper panel, Addi-
tional file 1: Fig. S3C). In contrast, a significant reduction
of ArgS-induced ROS was observed in MDA-MB-231
cells stably transfected with HO-1 expression construct
or treated with a HO-1 activator, CoPPIX ([39], 12.5 uM)
(Fig. 3B, lower panel). These results suggested an inverse
relationship between HO-1 and ROS levels.

Upon ArgS (24 or 48 h), the cell viability of BT-549
and MDA-MB-231 cells significantly decreased by
more than 50% (Additional file 1: Fig. S3D, left 2 pan-
els). To substantiate that HO-1 is needed to support cell
recover following ArgS, the cell viabilities were tested
by ACP assay daily after Arg was re-supplemented at
24 h post-ArgS. As shown in Fig. 3C (left two panels),
both ZnPPIX treatment and HO-1 knockdown delayed
BT-549 cells’ recovery from ArgS. On the other hand,
treatment with CoPPIX or stably overexpressing HO-1
improved MDA-MB-231 cells’ recovery from ArgS
(Fig. 3C, right two panels). Likewise, HO-1 overexpres-
sion allowed MDA-MB-231 cells to recover better from
treatment with ADI-PEG20 (1 pg/ml, 24 h, Additional
file 1: Fig. S3D, right 2 panels). Lastly, cell migration
assays showed that ArgS decreased MDA-MB-231 cell
migration (Additional file 1: Fig. S3E). CoPPIX treat-
ment or HO-1 overexpression enabled cells to migrate
faster under both control and ArgS (Fig. 3D). Together,
we conclude that HO-1 expression/activity is necessary
and sufficient to enable breast cancer cells to recover
and migrate better with reduced ROS in the context of
ArgS.

(See figure on next page.)
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ArgS induces elF2a O-GlcNAcylation to downregulate

HO-1 protein translation

Amino acid deprivation is known to activate ISR kinase
[55] to phosphorylate elF2q, a critical factor of the ER
stress response, at Ser51 to suppress the global trans-
lation initiation [7, 8]. To assess how ArgS attenuates
HO-1 protein expression, we turned our attention to
the ER stress-induced elF2a Ser51 phosphorylation as
a potential mechanism. Co-treatment with TUDCA
([42], 200 and 400 uM), a chemical chaperon attenu-
ating ER stress, rescued HO-1 protein in Arg-starved
BT-549 cells (Additional file 1: Fig. S4A). However, co-
treatment with ISRIB (400 nM, interrupting the interac-
tion between elF2a and EIF2B [43], failed to rescue HO-1
protein level under ArgS (Additional file 1: Fig. S4B).
Next, to examine whether Ser51-phosphorylated elF2a
(p-elF2a) attenuated HO-1 protein expression, we engi-
neered a mutation at eIF2a Ser51 to abolish its phospho-
rylation. However, the Ser51Ala (S51A)-mutated elF2a
(phospho-mut elF2a) only abolished ATF4 expression
but failed to rescue the downregulation of HO-1 protein
expression in Arg-starved BT-549 cells (Additional file 1:
Fig. S4C). Together, these data indicated that p-elF2a
is not required for ArgS to downregulate HO-1 protein
expression.

Next, we investigated whether elF2a O-GlcNAcyla-
tion affected HO-1 protein expression in the context
of ArgS. To achieve this goal, BT-549 cells were tran-
siently transfected with either WT, phospho-mut or
O-GlcN-mut elF2a, and then subjected them to ArgS.
Indeed, overexpression of O-GlcN-mut, but not phos-
pho-mut, elF2a rescued HO-1 in Arg-starved cells
(Fig. 4A). To overcome the interference from endog-
enous elF2a on HO-1 expression under ArgS, siRNA
targeting e/F2a 3'-untranslated region (UTR) was used
to knock down the endogenous elF2a. sielF2a (3”-UTR)
effectively reduced endogenous elF2a protein levels
(Fig. 4B, Additional file 1: Fig. S4D). However, we noted
that knockdown of endogenous elF2a also caused cell
stress, evidenced by the increased ATF4 even in com-
plete medium (Fig. 4B, Additional file 1: Fig. S4D), as

Fig. 3 ArgS regulates antioxidative proteins to decrease cell recovery and migration. A Immunoblot analysis (left panel) of the antioxidant proteins
HO-1, CISD2, SOD1, and GSR in BT-549 cells treated with ArgS or TN (2 pg/ml) for 24 h. One representative immunoblot (n=3) is shown. The relative
protein level (right panel) was calculated by normalizing the protein signal intensity in the + Arg group, which was set to 1 after normalization

with Lamin A/C. B Analysis of ROS levels in BT-549 (top panel) and MDA-MB-231 (bottom panel) cells treated with a combination of ArgS and HO-1
activators or inhibitors (CoPPIX or ZnPPIX) or HO-1 knockdown/overexpression. BT-549 cells were transfected with siHMOX1 (30 nM) or treated
with ZnPPIX (5 uM), and MDA-MB-231 cells were stably overexpressing HO-1 or treated with COPPIX (12.5 uM). ROS levels were monitored by
DCF-DA oxidation after 24 h of ArgS treatment. C Analysis of cell recovery in BT-549 (left panel) and MDA-MB-231 (right panel) cells treated with a
combination of ArgS and HO-1 activators or inhibitors (CoPPIX or ZnPPIX) or HO-1 knockdown/overexpression, as described in B. The cell recovery
was determined as described previously in Fig. 2D. D Analysis of cell migration in MDA-MB-231 cells stably overexpressing HO-1 or treated with
COPPIX (12.5 uM) after 24 h of ArgS treatment, as described previously in Fig. 2E; n=3. Data are shown as mean +s.e.m.; *p <0.05; **p <0.01;

***p <0.001; Two-Way ANOVA followed by Dunett’s (A) or Tukey’s (B-D) multiple comparison tests
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Fig. 4 elF2a O-GlcNAcylation suppresses HO-1 protein expression in Arg-starved breast cancer cells. A Immunoblot analysis of HO-1 in BT-549
cells subjected to ArgS for 24 h. One representative immunoblot is shown in the left panel (n=4). BT-549 cells were transiently transfected with
FLAG-tagged WT, O-GIcN-mut, or phospho-mut elF2a. Parental BT-549 cells labeled with (-) serve as a negative control of elF2a overexpression. The
relative levels of HO-1 (middle panel) and p-elF2a (right panel) are expressed as fold change and used to compare protein levels across experimental
conditions. B Immunoblot analysis of HO-1 in BT-549 cells stably WT, phospho-mut, O-GIcN-mut, or quadruple-mutant elF2a subjected to ArgS

for 24 h. One representative immunoblot is shown in the left panel (n=4). Parental BT-549 cells labeled with (-) serve as a negative control of elF2a
overexpression. The relative levels of HO-1 protein (middle panel) and p-elF2a (right panel) are expressed as fold change and used to compare
protein levels across experimental conditions. A, B Black arrowheads indicate endogenous elF2a, while white arrowheads indicate FLAG-tagged
elF2a. The relative p-elF2a level is calculated by normalizing the densitometric tracing of the p-elF2a signal with the total elF2a signal. The ratio

in each experimental condition is then compared to the reference (parental; + Arg; set as 1). The relative HO-1 protein level is determined by
comparing the densitometric tracing of HO-1 signal in experimental conditions to the reference, with the values of the reference HO-1 and p-elF2a
set as 1 after normalization with H3 (used as a loading control). Data are presented as mean + standard error of the mean (s.e.m.); *: p <0.05; **:
p<0.071; *** p<0.001. Statistical analysis was performed using Two-Way ANOVA followed by Dunnett’s multiple comparison test

reported by others [56, 57]. To assess whether elF2a
Ser51 phosphorylation was involved in ArgS-impaired
HO-1 expression, an elF2a expressing construct in
which all three O-GlcNAcylation sites (Ser219, Thr239,
and Thr241) and phosphorylation site (Ser51) were
substituted with Ala to disrupt O-GlcNAcylation
and phosphorylation simultaneously. It appears that
the p-elF2a (or not) did not affect the ability of elF2a
O-GlcN-mut to rescue HO-1 abundance upon ArgS
(Fig. 4B, middle panel, lane 8 versus lane 4 and lane
10 versus lane 4). These results suggested that elF2«
O-GlcNAcylation alone plays a key role in suppressing
HO-1 protein expression upon ArgS.

Having established that elF2a O-GlcNAcylation sup-
pressed HO-1 expression in BT-549 cells subjected to
ArgS above, we next wished to investigate whether the
HO-1 translation is controlled by elF2a O-GlcNAcyla-
tion. Along this line, spheres exhibited a decreasing
HO-1 signal gradient from the peripheral region of
spheres towards the core area even in the full medium
(Fig. 5A). Indeed, the HO-1 signal reduction in BT-549
spheres was more noticeable in an -Arg medium com-
pared to those in a complete medium (Fig. 5A). Alto-
gether, these results suggested that the steady-state level
of HO-1 is subjected to the regulation by a general lack of
nutrients. To explore this further, immunohistochemical
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staining showed that HO-1 signals also deceased in xeno-
grafted tumors harvested from mice fed with -Arg diet
compared with the mice fed with control diet (Additional
file 1: Fig. S5A), providing support that Arg availability
is a key regulator for HO-1 protein abundance. Intrigu-
ingly, while ArgS reduced steady-state HO-1 protein lev-
els, ArgS induced HMOX1 mRNA levels and the HMOX1
antioxidant response element (ARE)-driven luciferase
activities (Fig. 5B). Lastly, the treatment with protea-
some inhibitor MG132 ([38], 10 uM) failed to rescue
the HO-1 protein levels in the Arg-starved BT-549 cells
despite its inhibitory effect on ATF4 induction in Arg-
starved BT-549 cells (Fig. 5C). This observation argued
that the proteasome-mediated protein degradation was
not likely involved in HO-1 protein attenuation during
ArgS. To reconcile the observed discordance between
decreased HO-1 protein levels and increased HMOX1I
transcript levels in Arg-starved cells, we suspected that
the translational suppression on HMOX1 mRNA contrib-
utes to ArgS-promoted HO-1 protein reduction. To test
this possibility, we utilized a Met analog, AHA, coupling
with Click-iT reaction [47], to metabolically label and
pull-down the nascent HO-1 in BT-549 cells overexpress-
ing WT or O-GlcN-mut elF2a under + Arg conditions.
Newly synthesized HO-1 protein levels were notably
reduced upon ArgS in cells overexpressing WT elF2a,
compared to cells overexpressing O-GlcN-mut elF2a
(Fig. 5D, left panel, lanes 4, 6 versus lanes 3, 5). In con-
trast, O-GlcN-mut elF2a unequivocally increased newly
synthesized HO-1 protein in Arg-starved cells compared
to WT elF2a (Fig. 5D, left panel, lane 6 versus lane 4).
This result indicated that the increased HO-1 protein

(See figure on next page.)
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levels in the Arg-starved, O-GlcN-mut elF2a overex-
pressing cells resulted from the rescue of de novo HO-1
protein translation. However, we noticed that the steady-
state level of ATF4 protein was significantly increased
upon ArgS, de novo ATF4 level decreased after 24 h of
ArgS (Fig. 5D, left panel, lane 4 versus lane 3). In a more
detailed analysis of newly synthesized protein during the
course of ArgS (6 h and 24 h), the de novo synthesized
ATF4 level was higher at 6 h, then decreased at 24 h, post
ArgS, indicating ArgS-induced ATF4 protein synthesis
is an early-stage response to ArgS (Fig. 5E, lane 4 versus
lane 6). Besides rescuing de novo HO-1 protein transla-
tion, O-GlcN-mut elF2a also improved the translation
of additional proteins with a wide range of molecular
weights in the context of ArgS (Fig. 5F, right panel). Alto-
gether, ArgS-induced elF2a O-GlcNAcylation attenuates
the translation of HO-1 and other proteins.

elF2a O-GIcNAcylation governs HO-1 expression
independently of Ser51 phosphorylation

Both elF2a O-GlcNAcylation (Fig. 2A) and Ser51 phos-
phorylation (Fig. 4B, right panel, lane 2) were induced
by ArgS. We also showed that ArgS was able to induce
Ser51 phosphorylation on the O-GlcN-mut elF2a
(Additional file 1: Fig. S4D, left panel, lane 10). To test
whether p-elF2a affected elF2a O-GlcNAcylation,
immunoprecipitation coupled with Western analy-
ses revealed that elF2a O-GlcNAcylation signal was
detected in the phospho-mut elF2q, as in its counter-
part FLAG-tagged WT, in Arg-starved HEK293T cells
(Fig. 6A, left panel, lane 5 versus lane 3). Together with
results shown in Fig. 4, Additional file 1: Fig. S4D, we

Fig. 5 O-GIcNAcylation of elF2a suppresses HO-1 protein translation. A Immunofluorescence of HO-1 and DAPI was conducted in BT-549 cell
spheres subjected to ArgS for 24 h (n=3; left panel). The relative HO-1 intensity (right panel) was calculated by dividing the integrated HO-1

intensities by the selected sphere area. B The levels of HMOXT mRNA were analyzed by qRT-PCR in BT-549 and MDA-MB-231 cells and the activity
of the HMOXT promoter was analyzed by bioluminescent reporter assay in MDA-MB-231 cells. The cells were harvested for total RNA extraction or
the bioluminescent reporter assay and subjected to ArgsS for 24 or 48 h, respectively (n=3). gRT-PCR was performed using gene-specific primer
pairs and analyzed by the 2722 method. ACt refers to the difference in cycle threshold values between the target gene and reference gene. In the
bioluminescent reporter assay, cells were transiently transfected with the HMOX1 ARE-Firefly luciferase (FLuc) reporter construct and the pRL-SV40
Renilla luciferase construct. The intensities of firefly luminescence were normalized with the Renilla luminescence intensities and presented as
histograms. C Immunoblot analysis of HO-1 in BT-549 cells subjected to ArgS +£MG132 (10 uM) for 24 h (left panel). Endogenous and FLAG-tagged
HO-1 were visualized using an anti-HO-1 antibody. Actin served as a loading control and ATF4 as an indicator of ER stress. The relative HO-1 protein
level (right panel) was calculated by normalizing with the level in the control (+ Arg, -MG132), which was set as 1 after normalization with actin. D
Immunoprecipitation coupled with Western blot analysis of de novo HO-1 synthesis upon ArgS in BT-549 cells overexpressing WT or O-GIcN-mut
elF2a (n=3). The cells were cultured under + Arg for 24 h and AHA (250 uM) was added for the last 6 h. The de novo synthesized HO-1 protein
level was determined by comparing the densitometric tracing of HO-1 signal in the experimental conditions with the reference HO-1 signal
(elF2a WT; + Arg). The value of reference HO-1 was set as 1 after normalization with H3 (serving as a loading control). AHA-labeled proteins were
detected using Click-iIT chemistry, and the products were purified with streptavidin beads affinity pulldown. E Immunoprecipitation coupled with
Western blot analysis of de novo ATF4 synthesis upon ArgS in BT-549 cells overexpressing WT or O-GlcN-mut elF2a. Cells were exposed to Arg

or not for 6 or 24 h with the addition of AHA (250 puM) for the last 6 h prior to harvesting. The pulled-down de novo AHA-labeled ATF4 proteins
were then visualized through immunoblotting. F O-GIcN-mut relieved the ArgS-repressed de novo protein synthesis beyond HO-1 in BT-549 cells
overexpressing either WT or O-GIcN-mut elF2a. The cells were cultured under + Arg for 24 h with the addition of AHA (250 uM) for the last 6 h, and
protein input was visualized through Coomassie blue staining (left panel) and global de novo protein analysis was visualized using an anti-biotin
antibody (right panel). A-E The data is presented as mean + s.e.m. and was analyzed using either one-way ANOVA (for A—C) or two-way ANOVA
followed by Tukey’s multiple comparison test (for D, E). Statistical significance was determined with *p <0.05; **p <0.01; ***p <0.001
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suggest that elF2a O-GlcNAcylation occurs irrespec-
tive of elF2a Ser51 phosphorylation following ArgS.
In addition, the pulled-down endogenous O-Glc-
NAcylated elF2a was phosphorylated at Ser51 in Arg-
starved BT-549 cells (Fig. 6A, right panel, lane 3). These
results indicated that elF2a O-GlcNAcylation and
Ser51 phosphorylation coexist in the context of ArgS.
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To further explore the role of elF2a PTM in response
to ArgS, a Ser51 phosphorylation-mimicking elF2a was
constructed by replacing Ser51 with an aspartate (Asp,
D). However, despite increased HMOXI mRNA levels in
full medium (Fig. 6B, left panel), the elF2a S51D muta-
tion, compared to W, failed to affect the HO-1 protein
levels in BT549 cells in full or -Arg medium (Additional
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file 1: Fig. S5B, top panel, lane 5, 6 versus lane 3, 4). Next,
RNAs from BT-549 cells expressing either WT or vari-
ous elF2a mutants in the+ Arg were subjected to qRT-
PCR analyses. As shown in Fig. 6B (right panel), only
the quadruple-mut elF2a showed a significant reduc-
tion in HMOXI mRNA levels compared to WT upon
ArgS (Fig. 6B, right panel, lane 10 versus lane 4). Indeed,
O-GlcN-mut elF2a failed to reduce ArgS-mediated
HMOX1 transcriptional activation (Fig. 6B, right panel,
lane 8 versus lane 4), confirming that the ArgS-decreased
HO-1 protein level is not executed at the transcriptional
level (Fig. 5C). Lastly, both O-GlcN-mut and quadruple-
mut elF2a significantly reduce CellROX signals under
both+Arg context (Additional file 1: Fig. S5C, lane 1
versus lane 3, 7 and lane 2 versus lane 4, 8), suggesting
that elF2a O-GlcNAcylation deficiency enables cells to
have a better antioxidant capacity. Altogether, our results
uncovered the previously unnoticed effect of elF2a
O-GlcNAcylation, independent of well-recognized Ser51
phosphorylation, suppresses HO-1 translation in the
context of ArgS to promote ROS-mediated cell death.

Discussion

In this study, we identify a key role for elF2a O-Glc-
NAcylation in the adaptive response to the stress rejig-
gered by the depletion of extracellular Arg. We show that
elF2a O-GlcNAcylation is essential for the suppression
of de novo HO-1 protein synthesis, which serves a key
protective role against ROS upon Arg removal. Trans-
lational control is frequently used in response to vari-
ous stress stimuli to provide an immediate and selective
change in protein levels. In this regard, p-eIF2a has long
been recognized as a defining step in stress-regulated
translational initiation [8]. Herein, we report that ArgS-
induced elF2a O-GlcNAcylation decreases the expres-
sion of the antioxidant protein HO-1 via attenuation of
its translation, resulting in an accumulation of intracel-
lular ROS levels (Additional file 1: Fig. S6).

Translation initiation is the rate-limiting step in the
regulation of translation [8]. Under stress, the p-elF2a
effectively reduces the level of active eIF2, thus inhibiting
mRNA translation initiation [12] and global protein syn-
thesis [1]. However, the translation of ATF4 under stress
is selectively enhanced by p-elF2a [58]. Because that
elF2a Ser51 phosphorylation inhibits eIF2B and delays
GTP reloading in the ternary complex [58], the reduced
level of elF2a-preinitiation complex will then scan
through the inhibitory upstream open reading frame 2
(uORF2) and selectively initiate the translation of stress-
induced proteins, such as ATF4 [8]. Along this line, there
is a stop codon, UAG, in the uORF located at the 5-UTR
of HMOX1 mRNA [59]. We speculate that O-GlcNAcyla-
tion of elF2a might alter the structure of preinitiation
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complex to favor the scanning of uORF in the context of
AS. The ribosome is then either released or stalled in the
uORF due to the stop codon to prevent the translation
of the main ORE, resulting in translational repression
of HO-1. Our results imply that Arg-starved cells uti-
lize elF2a O-GlcNAcylation to suppress the translation
of HO-1, a protein that is critical for surviving oxidative
stress under ArgS (Additional file 1: Fig. S6).

Our studies on Arg deprivation have shown that a
shortage of Arg negatively impacts mitochondrial func-
tion, resulting in decreased levels of a-ketoglutarate
(a-KG) and changes in epigenetic regulation [7, 33, 35,
36]. These studies revealed that o-KG acts as a cofac-
tor for histone demethylases, and its decrease results in
an increase in the number of repressive marks on genes
related to mitochondrial functions such as oxidative
phosphorylation and the synthesis of purines and pyri-
midines. We propose that this is due to the accumula-
tion of ROS caused by disrupted mitochondria during
Arg deficiency, leading to heightened expression of MYC
[60] and MYC-regulated O-GlcNAcylation [61]. Indeed,
O-GlcNAcylation is a post-translational modification
that impacts the activity and stability of enzymes and
proteins involved in cellular protection against oxidative
stress. For instance, O-GlcNAcylation has been shown to
regulate the activity and stability of the tumor suppressor
protein p53 [62], which can help protect cells from oxi-
dative damage by triggering cell cycle arrest or apoptosis
in response to DNA damage. Another example is KEAPI,
a protein that activates the expression of antioxidant and
detoxifying enzymes such as glutathione S-transferase
and NAD(P)H:quinone oxidoreductase 1. Moreover,
O-GlcNAcylation has been shown to positively regu-
late the NRF2 signaling pathway, which helps cells com-
bat oxidative stress [63]. However, the specific effects of
O-GlcNAcylation on these proteins can vary depending
on the type of cell, tissue, and oxidative stress conditions.
In our study, we demonstrated that O-GlcNAcylation of
elF2a results in an increase in ROS through the inhibi-
tion of antioxidant HO-1 translation during ArgS. In con-
clusion, the relationship between O-GlcNAcylation and
oxidative stress is complex and more research is required
to fully understand its role in protecting (or not) cells
from oxidative stress.

It is noteworthy that our GlcNAz-based O-GIcNAc
proteomic analysis identified 13 O-GlcNAcylated pro-
teins that partake in eukaryotic protein translation
(Fig. 1D). Furthermore, literature has reported that the
O-GlcNAcylation of elF3a, elF4A, and elF4G altered the
complex assembly that promotes translation or modu-
lates CAP-dependent translational initiation [64—66].
Amino acid shortage-induced de-O-GlcNAcylation of
elF3a destabilizes the association between eIF3 and 43S
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preinitiation complex, leading to the recycling of elF3
from the elongating 80S ribosomes [64]. In the eIF4F
complex, O-GlcNAcylation plays an opposing role in
regulating the functions of eIF4A and elF4G subunits in
translation [65]. O-GlcNAcylation of elF4A disrupts the
assembly of the eIF4F complex by interfering with its
interaction with elF4G, resulting in translational inhibi-
tion [65, 66]. In contrast, elF4G O-GlcNAcylation pro-
motes the interaction of elF4G with poly (A)-binding
protein and poly (A) RNA, which is an essential step in
supporting translational initiation [65, 66]. Moreover,
elF4A and eIF4G O-GlcNAcylation are cell context- or
cell cycle-dependent, indicating that the O-GlcNAcyla-
tion of eIlF4F complex is mechanistically linked to the
protein synthesis fine-tuning [65]. However, we did not
detect any O-GlcNAcylation level alteration of previously
identified elF3a, eIF4A and elF4G in the context of ArgS
(Fig. 1D), supporting the diverse regulation of translation
by O-GlcNAcylation.

Furthermore, our study offers a deeper understand-
ing of how the antioxidant protein HO-1 is suppressed,
particularly in the context of ArgS, through elF2a
O-GlcNAcylation. Our study raises several questions
for future research. First, it is known that during Arg
limitation, both elF2a O-GlcNAcylation and ribosome
pausing contribute to translational suppression [67, 68].
However, it is not clear how increased elF2a and eIF4A
O-GlcNAcylation or decreased elF2y, elF4G1, and EFla
O-GlcNAcylation (Fig. 1D) may contribute to ribo-
some pausing specifically in the context of ArgS. It is
currently unclear whether elF2a O-GlcNAcylation is
involved in regulating other stress responses induced by
limitations in Arg availability. Therefore, identifying the
specific mRNAs whose translation is inhibited by O-Glc-
NAcylated elF2a during ArgS would be valuable. Moreo-
ver, the O-GlcNAcylation landscape changes significantly
in response to various metabolic stressors, which may
have distinct effects on the O-GlcNAcylation of transla-
tional initiators like eI[F4G1, e[F4A1, and elF2a. This sug-
gests that different metabolic stressors may differentially
impact the enzymatic activity or substrate specificity of
OGT or OGA. Another related question is how a single
OGT or OGA enzyme recognizes and site-specifically
modifies a plethora of substrates under a variety of meta-
bolic stress. Several mechanisms have been proposed
for OGT and OGA to recognize their specific substrates
[69-72], but it is still unclear how ArgS regulates OGT
and OGA differentially with respect to the diverse set of
translational factors and regulators in protein synthesis.
It remains unknown whether other PTMs, such as ubiq-
uitination and phosphorylation, play a role in regulat-
ing ArgS-induced OGT or OGA activity. Perhaps elF2a
O-GlcNAcylation is dispensable when nutrients are
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available, as in most healthy tissues. However, in tumors
where cells are proliferating and nutrients are scarce,
elF2a O-GlcNAcylation may become crucial in regulat-
ing de novo protein synthesis.

In summary, our findings demonstrate a crucial role
for elF2a O-GlcNAcylation in inhibiting de novo HO-1
synthesis in response to extracellular Arg restriction. Fur-
ther investigation is necessary to uncover how translation
machinery is specifically regulated under various (patho)
physiological conditions, such as diabetes, neurode-
generative diseases, or autoimmune diseases. Addition-
ally, it would be important to explore the mechanisms
through which elF2a O-GlcNAcylation regulates tumor
growth and its potential role in modulating therapeutic
responses.

Conclusions

Arg, a non-essential amino acid, is an important compo-
nent of protein synthesis and plays a role in regulating
various metabolic pathways, including protein O-Glc-
NAcylation. ArgS is an established therapeutic approach.
This study is the first to demonstrate that Arg avail-
ability modulates elF2a O-GlcNAcylation, which in turn
impacts the production of the antioxidant protein HO-1
and the associated antioxidant process.
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Additional file 1: Figure S1. The ArgS treatment leads to a reduction

in global O-GIcNAcylation levels and affects the transcription of HBP

and O-GIcNAc recycling enzyme genes.mmunoblot analysis of OGA
and OGT in the whole cell extracts from BT-549 cells cultured in the

-GIn or -Glc m4dium for 24 h. One representative immunoblotis shown.
The relative OGA and OGT protein levels are determined after normal-
izing against the densitometric signal intensity of the OGA or OGT in

the control group, which was set as 1 after normalization with actin or
H3 signal.A schematic overview of HBP. The HBP enzymesand metabo-
litesare depicted.Gene expression of the indicated genes in BT-549 cells
after incubation in full medium for 48 h or -Arg medium for 24 and 48 h,
respectively. The results of the gRT-PCR analysis of the mRNA encoding
HBP enzymes shown in the left panel in BT-549 cells after ArgS treatment
for 24 and 48 h, respectively. The gRT-PCR analyses were performed using
gene-specific primer pairs, and the 27*““ method was used to analyze
the results. AACT = ACT— ACT.The Staudinger ligation was performed

in protein lysates where O-GIcNAz-modified proteins were conjugated
with phosphine-PEG3-biotin. The O-GlIcNAz-modified proteins were
then pulled-down using streptavidin.A heat map shows the abundance
ratioof 2054 quantified O-GIcNAz-modified proteins. The scale of the
heat map is limited to; n=4.GIcNAz-labeled proteins in BT-549 cells were
pulled down and subjected to immunoblot analyses. BT-549 cells were
maintained in -GIn and -Glc medium supplemented with GIcNAzfor 48 h
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prior to cell harvest. O-GlcNaz-modified proteins were collected, followed
by immunoblot analysis using an anti-elF2a antibody to determine the
endogenous elF2a O-GIcNAcylation levels.Data are shown as mean +
sem. * p<0.05; **: p<0.01; ***: p<0.001; One-Way ANOVA. Figure S2.
Antioxidant gene expression analyses in breast carcinoma samples.
Immunoblots of HO-1 in BT-549 and MDA-MB-2321 cells subjected to
ArgS or ADI-PEG20treatment for 24 and 48 h; n=3.Immunoblot analysis of
HO-1 in BT-549 cells subjected to ArgsS for 24 h, followed by Arg recovery
for 6,12, and 24 h. One representative immunoblotis shown.Antioxidant
gene HMOX1, CISD2, SOD1, and GSR expression in the normal, tumor and
metastatic tissues collected from breast cancer patients were examined.
Pancancer analysis of HMOX1 expression across normaland tumor tissues.
17 cancer types in TCGA Pan-Cancer study having >5 normal samples
were presented as indicated. Standard boxplots were applied to visual-
ize the log2-transformed HMOX1 expression levelsand the number of
samples was labeled at the bottom. HMOXT expressionin breast tumors
across different molecular subtypes and adjacent normal tissues. The
number of samples was labeled at the bottom.*: p<0.05; **: p<0.01; ***:
p<0.001; N.S.: p>0.05; Wilcoxon tests; p-values were adjusted for multiple
comparison using Bonferroni method with the normal samples set as the
reference group.Kaplan-Meier survival curves comparing the HO-1 protein
levels and overall survivalrates of breast cancer patients. 58 breast tumor
samples expressing detectable/no detectable HO-1 in the Tang database
were applied to the comparison using log-rank test. Figure $3. HO-1
expression enhances cell recovery from ArgS.Immunoblot analysis of HO1
in different breast cancer cell lines. The whole cell lysates were collected
from the different cell lines grown in complete medium.Immunoblot
analysis of HO-1 in BT-549 cellstransfected with siHMOXTor treated with
ZnPPIX, and in MDA-MB-231 cellsstably overexpressing HO-1 or treated
with COPPIX.Measurement of ROS levels in BT-549 and MDA-MB-231

cells subjected to ArgS for 48 h. ROS levels were assessed using DCF-DA
oxidation; n=3.Comparison of relative cell viability in BT-549 and MDA-
MB-231 cells subjected to ArgS for 24 and 48 h. Assessment of relative cell
recovery of MDA-MB-231 cells after treatment with ADI-PEG20for 24 h. The
ADIPEG20 treatment was terminated after 24 h; n=3. Comparison of cell
recovery in MDA-MB-231 cells overexpressing HO-1 after 24-h treatment
with ADI-PEG20; n=3.The ADI-PEG20 treatmentwas terminated by replac-
ing the medium with complete medium. Cell recovery was monitored
daily from day 0 to day 3using ACP assays.Assessment of cell migration

of MDA-MB-231 cells subjected to ArgsS for 24 h; n=3. Cell migration was
determined as the percentage of confluence within the gap area.Data are
shown as mean + s.e.m.; *: p<0.05; **: p<0.001; ***: p<0.001; determined
by one-way ANOVAor Two-Way ANOVA followed by Tukey's multiple
comparison test. Figure S4. elF2a S51 phosphorylation does not decrease
HO-1 expression during ArgS stressImmunoblot analysis of HO-1 protein
abundance in BT-549 cells with defective elF2a phosphorylation. The
effect of defective elF2a phosphorylation on HO-1 expression was ana-
lyzed through the following treatments: 24 h ArgS with tauroursodeoxy-
cholic acid, ISRIB, and phospho-mutant elF2a. Furthermore, the expression
of HO-1 in BT-549 cells stably overexpressing wild-type or O-GIcN-mut

or phosphomut elF2a was analyzed after 24 h of ArgS treatment. One
representative immunoblotis shown, with H3 serving as a loading control.
The results are shown with parental BT-549 cells serving as a nega-

tive control for elF2a stable expression. The cells were transfected with
si-elF2aor siCtrlfor 48 h prior to ArgS treatment. The relative level of HO-1
proteinwas determined by comparing the densitometric tracing of the
HO-1 signal in each experimental condition to the reference HO-1 signal,
after normalization with H3. A value greater than 1 indicates an increase
in abundance relative to the control, while a value less than 1 indicates a
decrease in abundance. Data are presented as mean + s.e.m,; *: p<0.05;
** p<0.01; ***: p<0.001; Two-Way ANOVA followed by Tukey’s multiple
comparison test. Figure S5. HO-1 IHC staining in BT-549 xenografted
tumor.Representative IHC staining shows the levels of HO-1 protein in two
xenografted tumors harvested from mice that were fed a control dietand
-Arg dietImmunoblot analysis of HO-1 expression in BT-549 cells that
were overexpressing a phosphomimickingform of elF2a. Cells were trans-
fected with FLAG-tagged wild-type or S51D elF2a expression constructs
and then subjected to ArgS. The black arrowheads indicate endogenous
elF2a, and the white arrowheads indicate FLAG-tagged elF2a. The relative
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level of HO-1 protein was determined by comparing the densitometric
HO-1 signal in the experimental conditions to the reference HO-1. The
values of reference HO-1 were set to 1 after normalization with H3, which
was used as a loading control.ROS levels in BT-549 cells that were stably
expressing wild-type, phosphomut, O-GIcN-mut, or quadruple-mut elF2a
after being subjected to ArgS for 48 h. The ROS level was quantified with
CellROX™ via flow cytometry, and the relative oxidized CellROX level is
shown after normalization with the value of the control, which was set

to 1. The data are shown as mean + s.e.m,; ns: non-significant, *: p<0.05;
**:p<0.01; ***: p<0.001. The analysis was performed using a Two-Way
ANOVA followed by Tukey's multiple comparison test. Figure S6. Overall
summary. Our data suggest that O-GlcNAcylation of elF2ais the primary
mechanism for downregulating HO-1 protein translation during ArgS. The
downregulation of HO- 1 protein leads to an increase in ROS levels and a
reduction in cell recovery from ArgS and migratory ability. ArgS induces
O-GlcNAcylation on elF2a, which is considered a stress response to the
treatment. The inhibitory effect of increased elF2a O-GIcNAcylation on
antioxidant protein translation reveals a novel mechanism by which ArgS
may serve as a potential anti-cancer treatment.

Additional file 2: Table S1. Primer sequences for gRT-PCR. Table S2. Anti-
bodies. Table S3. Primer sequences for mutagenesisof elF2a.

Additional file 3: Table S4. Proteomic raw data. Table S5. AS pathway

Acknowledgements

We thank members of Dr. Ann’s laboratory for helpful discussions on the
manuscript and Drs. Lei Jiang and Markus Kalkum for suggestions and Dr.
Glenn Manthey for editing. Data acquisition, analyses and report preparation
from mass spectrometry analyses of O-GIcNAz-modified proteins were per-
formed by Drs. Bogdan Budnik, Sunia Trauger and Renee Robinson of Harvard
Center for Mass Spectrometry at Harvard University. IHC staining preparation
and acquisition were performed by Dr. Aimin Li. Research reported in this
publication included work performed in the Pathology & Biobanking Core
supported by the National Cancer Institute of the National Institutes of Health
under Grant number P30CA033572. The content is solely the responsibility

of the authors and does not necessarily represent the official views of the
National Institutes of Health.

Author contributions

Y-WH and DKA conceived of the idea for the project. Y-WH, Y-CW and

DKA designed the experiments. Y-WH and XP executed experiments. CO
advised bioinformatics, conducted public data analyses and contributed
to manuscript preparation. Y-WH, CO and DKA wrote the manuscript. HJK
contributed to manuscript preparation. All authors read and approved the
final manuscript.

Funding

This study was supported by NIH-NCI grants CA247368 and CA220693
(to DKA) and P30CA033572 (supporting research work carried out in Core
Facilities).

Availability of data and materials

The O-GlcNAcylation proteomic datasets generated and/or analyzed during
the current study are available in the Proteome X Change repository (the
access number (pending) will be provided once it is available).

Declarations

Ethics approval and consent to participate

There is no human studies in this manuscript. Animal studies reported herein
were reviewed and approved by an Institutional Animal Care and Use Com-
mittee (IACUC) at City of Hope (IACUC #06038 and IACUC #10024) to confirm
humane care on the use of vertebrate animals.

Consent for publication
Not applicable to individual’s personal data.

Competing interests
There are no financial and non-financial competing interests for all authors.

Page 21 of 23

Author details

'Department of Diabetes Complications and Metabolism, Arthur Riggs
Diabetes & Metabolism Research Institute, Beckman Research Institute of City
of Hope, City of Hope Comprehensive Cancer Center, Duarte, CA 91010-3000,
USA. *Department of Computational and Quantitative Medicine, Beckman
Research Institute of City of Hope, Duarte, CA 91010, USA. 3Cancer Center,
School of Medicine, University of California, Davis, CA 95817, USA. “Irell &
Manella Graduate School of Biological Sciences, Beckman Research Institute
of City of Hope, Duarte, CA 91010, USA.

Received: 22 November 2022 Accepted: 4 May 2023
Published online: 22 May 2023

References

1. Schwanhausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, et al.
Global quantification of mammalian gene expression control. Nature.
2011,473:337-42.

2. ChanK, Robert F, Oertlin C, Kapeller-Libermann D, Avizonis D, Gutierrez
J, etal. elF4A supports an oncogenic translation program in pancreatic
ductal adenocarcinoma. Nat Commun. 2019;10:5151.

3. Pelletier J, Graff J, Ruggero D, Sonenberg N. Targeting the elF4F transla-
tion initiation complex: a critical nexus for cancer development. Can Res.
2015;75:250-63.

4. Mendoza MC, Er EE, Blenis J. The Ras-ERK and PI3K-mTOR pathways: cross-
talk and compensation. Trends Biochem Sci. 2011,36:320-8.

5. ChiolllC, Jafarnejad SM, Ponz-Sarvise M, Park Y, Rivera K, Palm W, et al.
NRF2 promotes tumor maintenance by modulating mRNA translation in
pancreatic cancer. Cell. 2016;166:963-76.

6. Bhat M, Robichaud N, Hulea L, Sonenberg N, Pelletier J, Topisirovic I.
Targeting the translation machinery in cancer. Nat Rev Drug Discov.
2015;14:261-78.

7. Cheng CT, Qi Y, Wang YC, Chi KK, Chung Y, Ouyang C, et al. Arginine star-
vation kills tumor cells through aspartate exhaustion and mitochondrial
dysfunction. Commun Biol. 2018;1:1-15.

8. Holcik M, Sonenberg N. Translational control in stress and apoptosis. Nat
Rev Mol Cell Biol. 2005;6:318-27.

9. Donnelly N, Gorman AM, Gupta S, Samali A. The elF2a kinases: their
structures and functions. Cell Mol Life Sci. 2013;70:3493-511.

10. Koromilas AE. Roles of the translation initiation factor elF2alpha serine 51
phosphorylation in cancer formation and treatment. Biochem Biophys
Acta. 2015;1849:871-80.

11. Wek RC. Role of elF2alpha kinases in translational control and adaptation
to cellular stress. Cold Spring Harb Perspect Biol. 2018;10: a032870.

12. LuPD, Jousse C, Marciniak SJ, Zhang Y, Novoa |, Scheuner D, et al. Cyto-
protection by pre-emptive conditional phosphorylation of translation
initiation factor 2. EMBO J. 2004;23:169-79.

13. Pakos-Zebrucka K, Koryga I, Mnich K, Ljujic M, Samali A, Gorman AM. The
integrated stress response. EMBO Rep. 2016;17:1374-95.

14. Dey S, Sayers CM, Verginadis li, Lehman SL, Cheng Y, Cerniglia GJ, et al.
ATF4-dependent induction of heme oxygenase 1 prevents anoikis and
promotes metastasis. J Clin Investig. 2015;125:2592-608.

15. Maamoun H, Benameur T, Pintus G, Munusamy S, Agouni A. Crosstalk
between oxidative stress and endoplasmic reticulum (ER) stress in
endothelial dysfunction and aberrant angiogenesis associated with
diabetes: a focus on the protective roles of heme oxygenase (HO)-1. Front
Physiol. 2019;10:70.

16. Nitti M, Piras S, Marinari UM, Moretta L, Pronzato MA, Furfaro AL. HO-1
induction in cancer progression: a matter of cell adaptation. Antioxidants
(Basel). 2017,6:29.

17. Tanaka S, Akaike T, Fang J, Beppu T, Ogawa M, Tamura F, et al. Antiapop-
totic effect of haem oxygenase-1 induced by nitric oxide in experimental
solid tumour. Br J Cancer. 2003;88:902-9.

18. Jozkowicz A, Was H, Dulak J. Heme oxygenase-1 in tumors: is it a false
friend? Antioxid Redox Signal. 2007;9:2099-118.

19. Tracey N, Creedon H, Kemp AJ, Culley J, Muir M, Klinowska T, et al. HO-1
drives autophagy as a mechanism of resistance against HER2-targeted
therapies. Breast Cancer Res Treat. 2020;179:543-55.

20. Chiang SK, Chen SE, Chang LC. The role of HO-1 and its crosstalk with
oxidative stress in cancer cell survival. Cells. 2021;10:2401.



Hung et al. Journal of Biomedical Science

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31
32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2023) 30:32

Yang X, Qian K. Protein O-GlcNAcylation: emerging mechanisms and
functions. Nat Rev Mol Cell Biol. 2017;18:452-65.

Gloster TM, Vocadlo DJ. Mechanism, structure, and inhibition of O-GIcNAc
processing enzymes. Curr Signal Transduct Ther. 2010;5:74-91.

Hart GW. Nutrient regulation of signaling and transcription. J Biol Chem.
2019;294:2211-31.

ShiQ, Shen Q, LiuY, ShiY, Huang W, Wang X, et al. Increased glucose
metabolism in TAMs fuels O-GIcNAcylation of lysosomal Cathepsin

B to promote cancer metastasis and chemoresistance. Cancer Cell.
2022;40:1207-22.

Ping X, Stark JM. O-GIcNAc transferase is important for homology-
directed repair. DNA Repair (Amst). 2022;119: 103394,

Soria LR, Makris G, D'alessio AM, De Angelis A, Boffa |, Pravata VM, et al.
O-GlcNAcylation enhances CPS1 catalytic efficiency for ammonia and
promotes ureagenesis. Nat Commun. 2022;13:5212.

Wang Q, Zhang B, Stutz B, Liu ZW, Horvath TL, Yang X. Ventromedial
hypothalamic OGT drives adipose tissue lipolysis and curbs obesity. Sci
Adv. 2022;8:eabn8092.

Lv B, DuY, He C, Peng L, Zhou X, Wan Y, et al. O-GlcNAcylation modu-
lates liquid-liquid phase separation of SynGAP/PSD-95. Nat Chem.
2022;14:831-40.

Zhu Q, Zhou H, Wu L, Lai Z, Geng D, Yang W, et al. O-GIcNAcylation
promotes pancreatic tumor growth by regulating malate dehydrogenase
1. Nat Chem Biol. 2022;18:1087-95.

Hart GW, Slawson C, Ramirez-Correa G, Lagerlof O. Cross talk between
O-GlcNAcylation and phosphorylation: roles in signaling, transcription,
and chronic disease. Annu Rev Biochem. 2011;80:825-58.

Hardivillé S, Hart GW. Nutrient regulation of signaling, transcription, and
cell physiology by O-GIcNAcylation. Cell Metab. 2014;20:208-13.

Chen CL, Hsu SC, Ann DK, Yen Y, Kung HJ. Arginine signaling and cancer
metabolism. Cancers. 2021;13:3541.

Qiu F, Chen YR, Liu X, Chu CY, Shen LJ, Xu J, et al. Arginine starvation
impairs mitochondrial respiratory function in ASS1-deficient breast
cancer cells. Sci Signal. 2014;7:ra31.

Changou CA, Chen YR, Xing L, Yen Y, Chuang FY, Cheng RH, et al. Arginine
starvation-associated atypical cellular death involves mitochondrial
dysfunction, nuclear DNA leakage, and chromatin autophagy. Proc Natl
Acad Sci USA. 2014;111:14147-52.

Hsu SC, Chen CL, Cheng ML, Chu CY, Changou CA, Yu YL, et al. Arginine
starvation elicits chromatin leakage and cGAS-STING activation via
epigenetic silencing of metabolic and DNA-repair genes. Theranostics.
2021;11:7527-45.

Chen CL, Hsu SC, Chung TY, Chu CY, Wang HJ, Hsiao PW, et al. Arginine

is an epigenetic regulator targeting TEAD4 to modulate OXPHOS in
prostate cancer cells. Nat Commun. 2021;12:2398.

Chiaradonna F, Ricciardiello F, Palorini R. The nutrient-sensing hexosamine
biosynthetic pathway as the hub of cancer metabolic rewiring. Cells.
2018;7:53.

Han YH, Moon HJ, You BR, Park WH. The effect of MG132, a proteasome
inhibitor on Hela cells in relation to cell growth, reactive oxygen species
and GSH. Oncol Rep. 2009;22:215-21.

Tsoyi K, Lee TY, Lee YS, Kim HJ, Seo HG, Lee JH, et al. Heme-oxygenase-1
induction and carbon monoxide-releasing molecule inhibit lipopolysac-
charide (LPS)-induced high-mobility group box 1 release in vitro and
improve survival of mice in LPS- and cecal ligation and puncture-induced
sepsis model in vivo. Mol Pharmacol. 2009;76:173-82.

Pei L, Kong Y, Shao C, Yue X, Wang Z, Zhang N. Heme oxygenase-1
induction mediates chemoresistance of breast cancer cells to pharmo-
rubicin by promoting autophagy via Pl 3K/Akt pathway. J Cell Mol Med.
2018;22:5311-21.

Banerjee A, Lang J-Y, Hung M-C, Sengupta K, Banerjee SK, Baksi K,

et al. Unfolded protein response is required in nu/nu mice micro-
vasculature for treating breast tumor with tunicamycin. J Biol Chem.
2011;286:29127-38.

Uppala JK, Gani AR, Ramaiah KV. Chemical chaperone, TUDCA unlike PBA,
mitigates protein aggregation efficiently and resists ER and non-ER stress
induced HepG2 cell death. Sci Rep. 2017;7:1-13.

Zyryanova AF, Weis F, Faille A, Alard AA, Crespillo-Casado A, Sekine Y, et al.
Binding of ISRIB reveals a regulatory site in the nucleotide exchange fac-
tor elF2B. Science. 2018;359:1533-6.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 22 of 23

Beloussow K, Wang L, Wu J, Ann D, Shen WC. Recombinant argi-

nine deiminase as a potential anti-angiogenic agent. Cancer Lett.
2002;183:155-62.

Hummon AB, Lim SR, Difilippantonio MJ, Ried T. Isolation and solubiliza-
tion of proteins after TRIzol® extraction of RNA and DNA from patient
material following prolonged storage. Biotechniques. 2007;42:467-72.
Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive CT method. Nat Protoc. 2008;3:1101-8.

Dieterich DC, Lee JJ, Link AJ, Graumann J, Tirrell DA, Schuman EM.
Labeling, detection and identification of newly synthesized proteomes
with bioorthogonal non-canonical amino-acid tagging. Nat Protoc.
2007;2:532-40.

Cancer Genome Atlas Research Network, Weinstein JN, Collisson EA, Mills
GB, Shaw KR, Ozenberger BA, et al. The cancer genome atlas (TCGA) pan-
cancer analysis project. Nat Genetics. 2013;45:1113-20.

Tang W, Zhou M, Dorsey TH, Prieto DA, Wang XW, Ruppin E, et al. Inte-
grated proteotranscriptomics of breast cancer reveals globally increased
protein-mRNA concordance associated with subtypes and survival.
Genome Med. 2018;10:94.

Jang I, Kim HB, Seo H, Kim JY, Choi H, Yoo JS, et al. O-GIcNAcylation of
elF2alpha regulates the phospho-elF2alpha-mediated ER stress response.
Biochem Biophys Acta. 2015;1853:1860-9.

SohnYS, Tamir S, Song L, Michaeli D, Matouk |, Conlan AR, et al. NAF-1 and
mitoNEET are central to human breast cancer proliferation by maintain-
ing mitochondrial homeostasis and promoting tumor growth. Proc Natl
Acad Sci USA. 2013;110:14676-81.

Papa L, Hahn M, Marsh EL, Evans BS, Germain D. SOD2 to SOD1 switch in
breast cancer. J Biol Chem. 2014;289:5412-6.

Kawahara B, Moller T, Hu-Moore K, Carrington S, Faull KF, Sen'S, et al.
Attenuation of antioxidant capacity in human breast cancer cells by
carbon monoxide through inhibition of cystathionine B-synthase activ-
ity: implications in chemotherapeutic drug sensitivity. J Med Chem.
2017;60:8000-10.

Hirai K, Sasahira T, Ohmori H, Fujii K, Kuniyasu H. Inhibition of heme oxy-
genase-1 by zinc protoporphyrin IX reduces tumor growth of LL/2 lung
cancer in C57BL mice. Int J Cancer. 2007;120:500-5.

Anda S, Zach R, Grallert B. Activation of Gen2 in response to different
stresses. PLoS ONE. 2017;12: e0182143.

Lei D, ChenY, Zhou Y, Hu G, Luo F. A starvation-based 9-mRNA signature
correlates with prognosis in patients with hepatocellular carcinoma.
Front Oncol. 2021;11: 716757.

Chen L, He J, Zhou JH, Xiao Z, Ding NH, Duan YM, et al. EIF2A promotes
cell survival during paclitaxel treatment in vitro and in vivo. J Cell Mol
Med. 2019;23:6060-71.

Harding HP, Novoa |, Zhang Y, Zeng H, Wek R, Schapira M, et al. Regulated
translation initiation controls stress-induced gene expression in mam-
malian cells. Mol Cell. 2000;6:1099-108.

Kramer M, Sponholz C, Slaba M, Wissuwa B, Claus RA, Menzel U, et al.
Alternative 5’ untranslated regions are involved in expression regulation
of human heme oxygenase-1. PLoS ONE. 2013;8: 77224.

Kuo MT, Long Y, Tsai W-B, Li Y-Y, Chen HH, Feun LG, et al. Collaboration
between RSK-EphA2 and Gas6-Ax! RTK signaling in arginine starva-

tion response that confers resistance to EGFR inhibitors. Transl Oncol.
2020;13:355-64.

Sodi VL, Khaku S, Krutilina R, Schwab LP, Vocadlo DJ, Seagroves TN,

et al. mTOR/MYC axis regulates O-GIcNAc transferase expression and
O-GlcNAcylation in breast cancer. Mol Cancer Res. 2015;13:923-33.
Yang WH, Kim JE, Nam HW, Ju JW, Kim HS, Kim S, et al. Modification of
p53 with O-linked N-acetylglucosamine regulates p53 activity and stabil-
ity. Nat Cell Biol. 2006;8:1074-83.

Chen PH, Smith TJ, Wu J, Siesser PF, Bisnett BJ, Khan F, et al. Glycosyla-
tion of KEAP1 links nutrient sensing to redox stress signaling. EMBO J.
2017;36:2233-50.

Shu XE, MaoY, Jia L, Qian SB. Dynamic elF3a O-GlcNAcylation con-

trols translation reinitiation during nutrient stress. Nat Chem Biol.
2022;18:134-41.

Li X, Zhu Q, Shi X, Cheng Y, Li X, Xu H, et al. O-GlcNAcylation of core
components of the translation initiation machinery regulates protein
synthesis. Proc Natl Acad Sci USA. 2019;116:7857-66.



Hung et al. Journal of Biomedical Science

66.

67.

68.

69.

70.

71.

72.

(2023) 30:32

Fukao A, Tomohiro T, Fujiwara T. Translation initiation regulated by RNA-
binding protein in mammals: the modulation of translation initiation
complex by trans-acting factors. Cells. 2021;10:1711.

Darnell AM, Subramaniam AR, O'shea EK. Translational control through
differential ribosome pausing during amino acid limitation in mammalian
cells. Mol Cell. 2018;71:229-43.

Lee J, Ryu H, Ferrante RJ, Morris SM, Ratan RR. Translational control of
inducible nitric oxide synthase expression by arginine can explain the
arginine paradox. Proc Natl Acad Sci USA. 2003;100:4843-8.

Ma XF, Liu P, Yan H, Sun H, Liu XY, Zhou F, et al. Substrate specificity pro-
vides insights into the sugar donor recognition mechanism of O-GIcNAc
transferase (OGT). PLoS ONE. 2013;8: €63452.

Levine ZG, Fan CG, Melicher MS, Orman M, Benjamin T, Walker S.
O-GlcNAC transferase recognizes protein substrates using an asparagine
ladder in the tetratricopeptide repeat (TPR) superhelix. J Am Chem Soc.
2018;140:3510-3.

Joiner CM, Li H, Jiang J, Walker S. Structural characterization of the
O-GlcNAc cycling enzymes: insights into substrate recognition and
catalytic mechanisms. Curr Opin Struct Biol. 2019;56:97-106.

Li B, Li H, Hu CW, Jiang J. Structural insights into the substrate bind-

ing adaptability and specificity of human O-GlcNAcase. Nat Commun.
2017,8:666.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 23 of 23

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Extracellular arginine availability modulates eIF2α O-GlcNAcylation and heme oxygenase 1 translation for cellular homeostasis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Cell line, cell culture, and treatment
	Immunoblotting
	Metabolic labeling with N-azidoacetylglucosamine tetraacylated (GlcNAz) and biotin enrichment
	Sample preparation and proteomic analysis of O-GlcNAz-labeled proteins
	Mass spectrometry data analysis
	Site-specific eIF2α mutagenesis
	Overexpression or knockdown transfection
	Lentiviral production
	Stable cell line generation
	RNA isolation and quantitative real time polymerase chain reaction (qPCR)
	Reactive oxygen species (ROS) analysis
	Cell viability and cell recovery assay
	Cell migration assay
	Sphere formation, cryosection, and immunofluorescence
	HMOX1 ARE-driven reporter assay
	Metabolic labeling of newly synthesized proteins
	Gene expression and overall survival analysis
	Xenograft mouse model, Arg-free diet, and tumor characterization
	Immunohistochemistry (IHC) analysis
	Statistical analysis

	Results
	ArgS alters O-GlcNAcylation of translational factors
	eIF2α O-GlcNAcylation downregulates antioxidant capacity, cell recovery and migratory ability upon ArgS
	ArgS downregulates HO-1 protein level to promote oxidative stress
	ArgS induces eIF2α O-GlcNAcylation to downregulate HO-1 protein translation
	eIF2α O-GlcNAcylation governs HO-1 expression independently of Ser51 phosphorylation

	Discussion
	Conclusions
	Anchor 37
	Acknowledgements
	References


