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Abstract: Most breast cancers are estrogen receptor (ER)-positive, targeted by endocrine therapies, but chemoresis-
tance remains a significant challenge in treating the disease. Altered intracellular metabolite has closely connected
with the pathogenic process of breast cancer and drug resistance. Itaconate is an anti-inflammatory metabolite
generated from converting cis-aconitate in the tricarboxylic acid (TCA) cycle by the immune response gene 1 (IRG1).
However, the potential role of IRG1/Itaconate in the crosstalk of metabolic pathways and tumor development is cur-
rently unknown. We tested the hypothesis that IRG1/Itaconate controls metabolic homeostasis to modulate breast
cancer cell growth. We showed that breast cancers harboring an IRG1 deletion displayed a worse prognosis than
those without IRG1 deletion; approximately 70% of breast cancer with IRG1 deletion were ER-positive. There was
no significant difference in the IRG1 copy number, mMRNA, and protein levels between ER-positive and ER-negative
breast cancer cell lines and breast tumors. Itaconate selectively inhibited ER-positive breast cancer cell growth
via the blockade of DNA synthesis and the induction of apoptosis. Mechanistically, IRG1 overexpression led to de-
creased intermediate levels of glycolysis, the TCA cycle, and lipid metabolism to compromise the entire biomass and
energy of the cell. Itaconate inhibited the enzymatic activity of succinate dehydrogenase (SDH) in the mitochondrial
electron-transport chain, concomitant with reactive oxygen species (ROS) production and the decreased adenylate
kinase (AK) activities, which, in turn, induced AMP-activated protein kinase (AMPK) activation to restore metabolic
homeostasis. These results suggest a new regulatory pathway whereby IRG1/Itaconate controls metabolic homeo-
stasis in ER-positive breast cancer cells, which may contribute to developing more efficacious therapeutic strategies
for breast cancer.
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Introduction

Over 70% of all breast cancers are estrogen
receptor (ER)-positive [1], targeted by endo-
crine therapies, tamoxifen. While tamoxifen
treatment reduces mortality by 31%, over half
of the advanced ER-positive breast cancers are
intrinsically resistant to tamoxifen, and about
40% acquired resistance during the treatment
[2, 3]. Still, chemoresistance remains a sig-
nificant challenge in the treatment of breast
cancer.

Cancer cells often rewrite their biochemical
pathways to adapt to increased metabolic

stress from increased energy demand dur-
ing tumorigenesis. This changing intracellular
metabolites to meet energy demand and func-
tion as non-metabolic signals is essential for
tumor development and progression [4-6]. The
tricarboxylic acid (TCA)-derived intermediates
are well-recognized oncometabolite that pro-
mote tumorigenesis via regulating chromatin
modifications and DNA methylation [4-7].
Altered lipid metabolism has also closely con-
nected with the pathogenic process [8-12].
Consequently, metabolic reprogramming fuels
cell growth and contributes to cancer drug
resistance [13, 14]. Revealing the key metabo-
lites in tumorigenesis will provide a foundation


http://www.ajcr.us

Growth inhibition of IRG1/Itaconate in ER-positive breast cancer

for developing alternative strategies targeting
breast cancer.

ltaconate is an anti-inflammatory metabolite
synthesized from cis-aconitate in the TCA cycle
by immune response gene 1 (IRG1) [4, 15-22].
Large quantities of itaconate can be produced
in activated murine macrophages, which block
the release of proinflammatory cytokines and
inhibit succinate dehydrogenase (SDH)-derived
reactive oxygen species (ROS) production [17,
18, 23, 24]. Moreover, itaconate can alkylate
kelch-like ECH-associated protein 1 (KEAP1)
and glutathione (GSH), leading to activating the
master antioxidant regulator, nuclear factor
erythroid 2-related factor 2 (NRF2) [20] and
inducing the anti-inflammatory transcriptional
factor, activating transcription factor 3 (ATF3)
[19], respectively. As itaconate is a cysteine-
modifying compound, itaconate likely exerts
other effects through unknown mechanisms to
control cell functions. As a corollary, IRG1/
Itaconate can alter TCA cycle metabolism and
impacts branched-chain amino acid metabo-
lism and fatty acid diversity, leading to changes
in energy metabolism, mitochondrial function,
and cell growth [23].

Bisphenol-A (BPA) exposure in utero has been
linked to breast cancer and abnormal mamma-
ry gland development in mice [25]; the expos-
ed mice showed significantly decreased IRG1
mRNA expression in mammary tissue [25].
Besides, dimethyl-itaconate, a membrane-per-
meable derivative, could reduce the high in-
flammatory state of ulcerative colitis and coli-
tis-associated cancer risk in a mouse model
[26], suggesting a link between itaconate in
inflammation and tumorigenesis. The current
study aimed to advance the direct role of the
IRG1 gene and its enzymatic metabolite, ita-
conate, in tumor cell growth and breast cancer
development.

This study hypothesized that the IRG1/Itacon-
ate is crucial in determining ER-positive breast
cancer cell fate and potentially therapeutically
treating breast cancer. We discovered ER-
positive breast cancer cells were more respon-
sive to itaconate-induced cell death than
ER-negative cells. IRG1/Itaconate caused cell
cycle arrest via DNA proliferation inhibition and
apoptosis due to the resulting energy stress.
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Mechanically, IRG1/Itaconate induced activa-
tion of the AMP-activated protein kinase
(AMPK) pathway in response to metabolic
stress, accompanied by the change in glycoly-
sis, the TCA cycle, and the lipid metabolites.
Consequently, IRG1/Itaconate triggered meta-
bolic stress via metabolic reprogramming,
leading to mitochondrial dysfunction and cell
death in ER-positive breast cancer cells.

Materials and methods
Chemicals

Iltaconate was purchased from Sigma-Aldrich,
Inc., St. Louis, MO, USA. 4-Octyl-itaconate was
purchased from Cayman Inc.

Cell culture and transfection

BT474 (ATCC HTB-20) cells were cultured in
Hybri-Care Medium supplemented with 1.5 g/L
sodium bicarbonate and 10% fetal bovine
serum. MCF7 (ATCC HTB-22) cells were cul-
tured in Minimum essential medium Eagle with
Earle’s Balanced Salts supplemented with 2
mM L-glutamine, 1.5 g/L sodium bicarbonate,
0.1 mM non-essential amino acids, 1.0 mM
sodium pyruvate, and 10%; fetal bovine se-
rum. T47D (ATCC HTB-133) and ZR75B (RRID:
CVCL_5614) cells were cultured in RPMI-1640
Medium supplemented with 0.2 Units/ml bo-
vine insulin and 10% fetal bovine serum.
The MCF7 cells were transfected with IRG1
(ACOD1) (NM_001258406) Human Tagged
ORF Clone (RG232825, OriGene Technologies,
Inc.) using a TransIT®-BrCa Transfection Re-
agent (MIR5500, Mirus Bio LLC.) according to
the manufacturer’s protocol and stably trans-
fected clones were selected by 0.2 mg/ml
G418 screening.

Clonogenic assays

The breast cancer cells were seeded into 6-well
plates at a density of 5 x 102 cells/well in the
presence and absence of concentrations of ita-
conate or 4-Octyl-itaconate for 10-14 days. The
cells were fixed in 4% formaldehyde overnight,
stained with 0.2% crystal violet dye (1%, V5265,
Sigma-Aldrich), and dissolved in 33% acetic
acid before the absorbance at 595 nm with a
Synergy H1 Hybrid Multi-Mode Reader (Agilent
Technologies).
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Immunohistochemistry (IHC)

Immunohistochemistry was performed to eval-
uate IRG1 expression in paraffin-embedded
invasive breast carcinoma specimens. The use
of human breast cancer samples was approv-
ed by the China Medical University Hospital
Research Ethics Committee and complied with
all relevant ethical regulations. All tissue sam-
ples were collected in compliance with the
informed consent policy. The slides were st-
ained with an IRG1 antibody (1:100, custom-
ized polyclonal antibody synthesized from AB-
clonal Inc.) using an automatic slide stainer
BenchMark XT (Ventana Medical Systems) and
counterstained with Harris hematoxylin. Two
independent pathologies evaluated the slides
under a light microscope. Immunoreactivity
was classified by estimating the percentage (P)
of tumor cells exhibiting characteristic staining
(from an undetectable level, 0%, to homoge-
neous staining, 100%) and by estimating the
intensity (I) of staining (1, weak staining; 2,
moderate staining; and 3, intense staining).
Results were scored by multiplying the percent-
age of positive cells by the intensity (i.e., quick
score Q = P x [; maximum = 300) [27].

Quantitative RT-PCR (gPCR)

Total RNA was isolated using a High Pure RNA
Isolation Kit (Roche). cDNA was synthesized
from the isolated RNA using SuperScript™ IV
First-Strand Synthesis System (Thermo Fisher
Scientific Inc.). gPCR was performed with a
StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific Inc.) using TagMan Universal
Master Mix (Thermo Fisher Scientific Inc.). All
qPCR analyses were performed as both bio-
logic and technical triplicate repeats. IRG1
(Tagman primer Hs00985781_m1) and Actin
(Tagman primer Hs01060665_g1) were ob-
tained from Thermo Fisher Scientific Inc.
Relative expression of the target genes (IRG1)
to the control gene (Actin) were calculated
using the AC, method: relative expression =
2'ACT, where AC, = CT( -C

Target) T (Actin)*
Western blotting analysis
The cells were lysed in a RIPA buffer (50 mM

Tris-HCI, pH 7.8; 150 mM NaCl; 5 mM EDTA; 5
uL/mL of Triton X-100; 5 yL/mL of NP-40; 1 pyL/
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mL of sodium deoxycholate) and subjected to
western blot analysis with the indicated anti-
bodies. The bands were detected and revealed
using fluorescent secondary antibodies, and
western blot images were visualized and cap-
tured using a ChemiDoc System (Bio-Rad
Laboratories, Inc.). Anti-IRG1, phospho-AM-
PKal (Thrl72), and AMPKal were purchased
from Cell Signaling Technology, Inc. Anti-Actin
was purchased from Proteintech Group, Inc.

Cell cycle analysis

MCF7-GFP control and IRG1-GFP expressing
cells were harvested and washed twice with
cold phosphate-buffered saline (PBS) and then
fixed with 70% ice-cold ethanol for 2 hours.
The fixed cells were subjected to DNA content
analysis using a FxCycle PI/RNase Staining
Solution (Thermo Fisher Scientific Inc.) accord-
ing to the manufacturer's protocol. At least
10,000 cells per sample were collected by a
CytoFLEX Flow Cytometer and analyzed with
CytoExpert software (Beckman Coulter Life
Sciences).

DNA proliferation

MCF7 and ZR75B cells were treated with 0.5
mM itaconate or medium vehicle control for 24
hours; the cells were harvested for DNA prolif-
eration analysis using a Click-iT EdU Alexa Fluor
594 Flow Cytometry Assay Kit (Thermo Fisher
Scientific Inc.) according to the manufacturer’s
protocol. Briefly, the cells were treated with 10
MM EdU for 2 hours, then trypsinized and
washed once with PBS and fixed in cold 70%
ethanol at 4°C. At least 10,000 cells per
sample were collected by a CytoFLEX Flow
Cytometer and analyzed with CytoExpert soft-
ware (Beckman Coulter Life Sciences).

Apoptosis assay

MCF7, TA7D, and ZR75B cells were treated with
0.5 mM, 1 mM itaconate, or medium vehicle
control for 48 hours, followed by harvesting
with trypsin digestion for flow cytometry analy-
sis using Annexin V Ready Flow Conjugates for
Apoptosis Detection (Thermo Fisher Scientific
Inc.), according to the manufacturer’s protocol.
At least 10,000 cells per sample were collect-
ed by a CytoFLEX Flow Cytometer and analyzed
with CytoExpert software (Beckman Coulter
Life Sciences). Cells without staining or stained

Am J Cancer Res 2023;13(3):1067-1081



Growth inhibition of IRG1/Itaconate in ER-positive breast cancer

with annexin V-FITC or PI only were used as
compensation controls.

Proteomic identification and enrichment
analysis

Proteomic alterations in MCF7-GFP control and
IRG1-GFP expressing cells were identified by
mass spectrometric analysis (MS). Total pro-
teins were extracted from the cells using RIPA
lysis and extraction buffer (Thermo Fisher) and
sonication. Protein concentrations were deter-
mined using Bio-Rad Protein Assay kits by mea-
suring absorbance at 595 nm. Total protein
samples (40 pg) were separated using 10%
SDS-PAGE and divided into five gel fractions.
After fine cutting (<1 mm?), gel pieces were sub-
jected to in-gel digestion to produce tryptic pep-
tides. An Orbitrap Fusion mass spectrometer
(Thermo Fisher Scientific) equipped with the
Ultimate 3000 RSLC system (Dionex) and a
nano-electrospray ion source (New Objective)
were used for MS analysis. The survey scan
was set at a mass range (m/z) of 375-1,500
(AGC target, 4 x 10° and a resolution of
120,000 at m/z 200. The twenty most abun-
dant multiple-charged ions were sequentially
fragmented by collision-induced dissociation
for tandem mass analysis. Protein identifica-
tion and label-free quantification were per-
formed using the computational platform
Proteome Discovery (v2.4). The identification
threshold was set at a P-value <0.05. The
enrichment analysis was performed using the
Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways with DAVID Knowledgebase
v202294 (https://david.ncifcrf.gov/home.jsp).

Succinate dehydrogenase (SDH) activity analy-
sis

MCF7, TA7D, and ZR75B cells were treated
with 1 mM itaconate or 100 uM 4-Octyl-
itaconate for 24 or 48 hours. The 1 x 10° cells
were homogenized in 100 ul cold SDH assay
buffer, then 25 pl supernatant was taken for
the following analysis using an SDH activity
assay kit, according to the manufacturer’s
protocol.

Adenylate kinase (AK) activity analysis

2 x 10° MCF7 parental, MCF7-GFP control,
IRG1-GFP expressing cells, or ZR75B cells were
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treated with O, 1, or 2 mM itaconate for 24
hours, then the cells were harvested and
homogenized in cold 150 ul cold AK assay buf-
fer. 25 pg protein total cell lysate was used for
AK activity assay using an AK activity assay kit
(Abcam), according to the manufacturer’s
protocol.

ROS measurement

Various concentrations of itaconate-treated
MCF7 cells were incubated with 2 yM H2D-
CFDA (Sigma-Aldrich Inc.) in PBS buffer for 30
min at 37°C. At least 10,000 cells per sample
were collected by a CytoFLEX Flow Cytometer
and analyzed with CytoExpert software (Be-
ckman Coulter Life Sciences).

Targeted metabolites

1 x 10° GFP or IRG1-GFP MCF7 cell was col-
lected for chemical derivatization for organic
acids. Dry cell extract sample was dissolved in
35 pl of ultrapure water and added 5 pl of
0.3 M aniline/HCI (molar ratio: 5/1) and then 5
pl of 20 mg/ml 1-Ethyl-3-(3dimethyl amino-
propyl)-carbodiimide (EDC). The reaction was
carried out at room temperature for 2 hours
and then stopped by adding 5 pl of 10% ammo-
nium hydroxide for further 30 min incubation.
The aniline-derived sample was centrifuged at
14,000 rpm for 10 min. The supernatant was
subjected to LC-ESI-MS analysis of negative ion
mode.

For LC-ESI-MS analysis, the LC-ESI-MS system
consisted of an ultra-performance liquid chro-
matography (UPLC) system (ACQUITY UPLC
I-Class, Waters) and an ESI/APCI source of 4
kDa quadrupole time-of-flight (TOF) mass spec-
trometer (Waters VION, Waters). The flow rate
was set at 0.2 ml/min with column tempera-
ture at 35°C. Separation was performed with
reversed-phase liquid chromatography (RPLC)
on a BEH C18 column (2.1 x 100 mm, Walters)
with 5 ul sample injection. The elution started
from 99% mobile phase A (ultrapure water +
0.1% formic acid) and 1% mobile phase B
(100% methanol + 0.1% formic acid), held at
1% B for 0.5 min, raised to 90% B in 5.5 min,
held at 90% B for 1 min, and then lowered to
1% B in 1 min. The column was equilibrated by
pumping 1% B for 4 min. ESI acquired LCE-
SIMS chromatograms-mode under the follow-
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ing conditions: capillary voltage of 2.5 kV,
source temperature of 100°C, desolvation
temperature at 250°C, cone gas maintained at
10 L/h, desolvation gas maintained carried at
600 L/h, and MSE mode with a range of m/z
100-1000 and 0.5 s scan time. The acquir-
ed data were processed by UNIFI software
(Waters) with illustrated chromatogram and
summarized in an integrated area of signals.

Lipidomic analysis

Lipids used were phosphatidylcholines, phos-
phatidylethanolamines, phosphatidylglycerols,
phosphatidylserines, phosphatidylinositols, ph-
osphatidic acids, sphingomyelins, diacylglycer-
ols, triacylglycerols, fatty acids and cholesterol.
The cell pellets were extracted using a Lipid
Extraction Kit (Abcam) for LC-MS analysis.
MS-DIAL software performed automated pro-
cessing of acquired mass spectra and identify-
ing and quantifying detected lipid species [28].
The abundance of lipids was presented as peak
intensities.

Statistical analysis

All graphs present mean + SEM from three
independent assays. The Student t-test was
used for experiments with two groups. ANOVA
was used to compare three or more groups. A
p-value of <0.05 was considered statistically
significant. Statistics were performed with
Prism 7.0.

Results
Itaconate inhibits breast cancer cell growth

Cancer arises through the acquisition of genet-
ic changes, including harbor copy number vari-
ant that impacts gene dosage and drives
tumorigenesis. We analyzed the genomic data
from breast cancer to characterize the nature
of IRG1 gene deletion ([29]; http://www.cbio-
portal.org). The result showed that breast can-
cers harboring an IRG1 deletion displayed a
worse prognosis than those without IRG1 dele-
tion, consistent with a positive correlation be-
tween the IRG1 gene expression and survival
rate ([30]; Kaplan-Meier Plotter, Figure 1A, 1B).
Approximately 70% of breast cancer with IRG1
deletion were ER-positive (Figure 1C). Moreover,
ER-positive breast cancer cells (BT474, MCF7,
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T47D, and ZR75B) were more responsive to an
itaconate’s derivative, 4-Octyl-itaconate (Figure
1D) than the ER-negative cells (Bt549, Hs578t,
MAD-MB-231, and Sum159). Further, a natu-
ral IRG1’'s metabolic product, itaconate, also
blocked the growth of ER-positive breast can-
cer cell lines (Figure 1E, 1F). However, there
was no significant difference in the IRG1 copy
number, mRNA, and protein levels between
ER-positive and ER-negative breast cancer cell
lines and breast tumors (Figure 1G-l). The
results suggest that itaconate may preferen-
tially inhibit ER-positive breast cancer growth.

IRG1/Itaconate causes cell cycle arrest and
apoptosis

To determine the role of endogenous itaconate
in ER-positive breast cancer cells, we estab-
lished an MCF7 clone with stable expression of
IRG1. Figure 2A showed that IRG1-GFP protein
was localized to mitochondria in the cells with
stable IRG1 expression; in contrast, GFP pro-
tein displayed even distribution in the vector
cells (Figure 2A, upper panels, arrowhead).
Q-PCR analysis confirmed a significant increa-
se in the level of IRG1 mRNA in IRG1-express-
ing cells, compared to those in vector control
cells (Figure 2B), which was correlated with the
IRG1 protein expression detected with western
blot (Figure 2C). Importantly, mass spectrum
analysis demonstrated significantly increased
endogenous itaconate generation in IRG1 over-
expressing cells compared to control cells
(Figure 2D). It was noted that the cells with
IRG1 expression showed significantly reduced
colony numbers compared to those with the
vector control, analyzed with a clonogenic
assay (Figure 2E). Consistently, the cell cycle
analysis showed that the IRG1-expressing cells
caused a decreased percentage of cell num-
bers distributed in the S phase than the con-
trol cells (14.46% vs. 21.91%, Figure 2F).
Simultaneously, accumulated cell numbers
were distributed in the G2/M phase in the
IRG1-expressing cells than the control cells
(24.10% vs. 15.63%, Figure 2F). When mea-
suring DNA proliferation with itaconate stimu-
lation by a thymidine analog, Edu (5-ethynyl-
2’-deoxyuridine) staining, the treated cells
showed a decrease in the percentage of the
stained cell number compared to those of non-
treated cells (26.3% vs. 32.63% in MCF7 cells;
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Figure 1. Iltaconate suppresses ER-positive breast cancer cell growth. (A) Overall survival of breast carcinoma pa-
tients containing IRG1 deletion (blue color) as compared to those without IRG1 alteration (purple color) (http://
www.chioportal.org). (B) The correlation of survival rates with IRG1 mRNA levels in patients with breast cancer (low
expression, black color vs. high expression, red color; Kaplan-Meier Plotter). All are log-rank tests. (C) ER status of
breast carcinoma with or without IRG1 deletion (http://www.cbioportal.org). (D) Colony formation of various doses
of 4-Octyl-itaconate-treated ER-positive (ERPOS) and -negative (ER ) breast cancer cells for 10-14 days. An equal
volume of the medium as control. (E) Representative image and (F% Quantitative data of colony formation assay in
itaconate-treated ER-positive breast cancer cells. Data are presented as mean = SD, N = 3. (G) IRG1 copy humber
variation (CNV) in ER-positive (ER HER2 g) and ER-negative (ER__ HER2 ) breast cancer lines. The IRG1 CNVs
for breast cancer cell lines were dlrectly obtained from the Depmap portal ﬁﬁttps ://depmap.org/portal/). (H) IRG1
mMRNA expressions in ER-positive (ERPOS) and ER-negative (ER ) breast cancer tumors. The IRG1 expression data
were downloaded from the TCGA-BRCA Pan-cancer Atlas (https://www.cbioportal.org/study/summary?id=brca_
tcga_pan_can_atlas_2018). (I) Detection of IRG1 by IHC in ERPOSHERQneg VS. ERnegHER2neg breast cancer.

12.56% vs. 38.87% in ZR75B cells, Figure 2G).
Moreover, the itaconate-treated cells under-
went a dose-dependent induction of early
apoptosis (Figure 2H). These data suggested
that IRG1/Itaconate inhibited ER-positive bre-
ast cancer cell growth at least via cell cycle
arrest and inducing apoptosis.

IRG1/Itaconate triggers energy stress

ltaconate is a weak competitive inhibitor of
complex ll-succinate dehydrogenase (SDH) of
the mitochondrial electron-transport chain [18,
23, 24]. Similarly, we found that the ER-positive
breast cancer cells with itaconate or 4-Octyl-
itaconate stimulations showed a significant
reduction in the enzymatic activity of SDH in a
time-course-dependent manner (Figure 3A,
3B), with the combination of reactive oxygen
species (ROS) generation (Figure 3C). To con-
firm whether IRG1/Itaconate could alter en-
ergy metabolism, we measured the adenylate
Kinase activity, which is critical in cellular ener-
gy homeostasis by catalyzing the interconver-
sion of ATP, ADP, and AMP [31]. Indeed, upon
itaconate treatment or the condition of IRG1
expression, the cells displayed a significantly
reduced enzymatic activity of adenylate kinase
(AK) (Figure 3D, 3E). The data supported that
IRG1/Itaconate disrupted energic homeostasis
by inhibiting SDH and AK, illustrated in Figure
3F. The conversion of cis-aconitate to itaconate
by IRG1 leads to the inhibition of SDH activity,
which interrupts the mitochondrial electron
transport chain, and ROS production, compro-
mising the ATP production rate and the inter-
conversion of ATP, ADP and AMP via AK
activity.

IRG1/Itaconate reprograms metabolic pro-
cesses

To systematically explore the subsequent
events following IRG1 activation in the ER-
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positive breast cancer cells, we also profiled
the differential protein expression in the cells
with or without IRG1 expression using label-
free quantitative proteomics. Further cluster
analysis with KEGG databases showed that
among the 16 significantly enriched pathways,
the AMPK signaling, metabolic, and glycero-
phospholipid pathways were the primary path-
ways (Figure 4A). Indeed, itaconate activated
the AMPK signaling in the ER-positive cells by
detecting an increased intensity in the AMPK
phosphorylation (Figure 4B), consistent with
the fact that the AMPK is a master regulator of
metabolism that restores metabolic balance
during metabolic stress [32]. For AMPK protein
detection, we used the antibody which specifi-
cally recognized the catalytic subunit, AMPKa1l
(MW 62 KD), and did not cross-react with
AMPKa2; thus, the lower band observed in
TA7D cells may be the degraded form of
AMPKal protein (approximately 47 KD).

We then further examined the change in se-
lected intermediates of glycolysis and the TCA
cycle and lipid metabolism profile, which is
essential to the entire biomass and energy of
the cell. When compared to control cells, IRG1
expression dampened glycolysis with a signifi-
cant decrease in 1, 3-phosphoglyceric acid,
phosphoenolpyruvate, and pyruvate but no sig-
nificant difference in the amounts of fructose-
1,6-bisphosphate and lactate. Notably, the
accumulation of glyceraldehyde 3-phosphate
level was seen in IRG1 cells (Figure 4C). The
result was consistent with the previous report
that itaconate modified and inhibited glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH)
activity [33], thus resulting in glyceraldehyde
3-phosphate accumulation. Also, the detect-
able intermediates of the TCA cycle were most
decreased except succinate and malate (Figure
4D). Itaconate has been reported to inhibit SDH
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Figure 2. IRG1 overexpression inhibits ER-positive breast cancer cell growth. A. Representative fluorescent microscopy (upper panels) images and phase contrast
(lower panels) in MCF7-IRG1-GFP vs. MCF7-GFP vector expressing cells. IRG1-GFP mitochondrial localization vs. GFP even distribution, arrowhead, scale bar 200
um. B. Q-PCR analysis of IRG1 expression in GFP control vs. IRG1-GFP MCF7 cells. C. Western blotting analysis of IRG1 protein. D. Itaconate level (peak area) in IRG1-
GFP and GFP control MCF7 cells. E. The colony formation of GFP vs. IRG1-GFP MCF7 stable cell for 14 days. Red scar bar, 1 mm. Data are presented as mean + SD,
N = 3; ***P<0.001, compared with GFP control cells. F. Cell cycle distribution histograms of parental, GFP, and IRG1-GFP MCF-7 cells. G. Dot plot of EdU-594 stain-
ing (Y-axis, 594) vs. FSC. 0.5 mM itaconate-treated MCF7 and ZR75B cells were incubated with 10 uM EdU for 2 hours. Control cells were treated with the medium.
Images were acquired on a CytoFLEX Cytometer (Beckman Coulter) with cells excited using an ECD laser, and data was analyzed using CytExpert. The percentage of
gated cells (EdU positive) is highlighted. H. Representative flow cytometry plots using Annexin V-FITC/PI staining for apoptosis. ER-positive breast cancer cells were
treated with itaconate for 48 hours and then stained with Annexin V-FITC/PI for flow cytometric analysis.
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Figure 3. IRG1/Itaconate causes energy stress. Succinate dehydrogenase (SDH) activity of (A) 1 mM itaconate and (B) 100 uM 4-Octyl-itaconate treated ER-positive
breast cancer cells for the indicated time, detected with an SDH activity assay kit. (C) Intracellular production of ROS in itaconate-treated MCF7 cells was measured
using DCFDA, and fluorescence was measured by flow cytometry. Adenylate kinase (AK) activity of (D) GFP-control vs. IRG1-GFP MCF7 cells, and (E) Itaconate-treated
ZR75B cells for 24 hours, detected with an AK activity assay kit. (F) A schematic diagram illustrates IRG1/Itaconate controlling energy homeostasis. Data are pre-
sented as mean + SD, N = 3; *P<0.05, ***P<0.001, compared with control cells.
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Figure 4. IRG1/Itaconate alters metabolic pathways. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis based on the differentially expressed proteins of GFP and IRG1-GFP expressing MCF7 cells
(P<0.05). (B) Western blotting analysis of phospho-AMPK and AMPK in various concentrations of itaconate-treated
ER-positive breast cancer cells. Mass spectrometry analysis of metabolites in IRG1-GFP and GFP MCF7 cells. The
histograms in (C-E) show the relative amounts of intermediate metabolites of glycolysis, TCA cycle, and lipid class
in IRG1 cells, respectively, compared to control cells. The bars are averages of three biological replicates yielding

similar results. Significance, fold change >2.

from altering TCA cycle metabolism, causing
succinate accumulation in macrophages [24,
34, 35]. However, we did not observe an
increase in the level of succinate in IRG1-MCF7
cells, suggesting the effect of different cell
types and cellular contexts. Phospholipids have
recently attracted attention for their involve-
ment in cancer development and drug resis-
tance [14]; thus, we performed lipidomic analy-
Sis using mass spectrometry to gain insight into
the composition of steady-state cellular lipids.
We found a significant reduction in the levels
of major glycerophospholipids (phosphatidyl-
choline, phosphatidylethanolamine, phosphati-
dylinositol, and phosphatidylserine) but an
increment in the diacylglycerols level (Figure
4E). The total fatty acid, phosphatidic acids,
cholesterol, sphingomyelins, triacylglycerols,
and phosphatidylglycerol levels remained un-
changed (Figure 4E). This was consistent with
the proteomic data supporting that the glycero-
phospholipid pathway was the primary chang-
ing metabolic pathway (Figure 4A). In conclu-
sion, this evidence indicated that IRG1/Ita-
conate results in metabolic and energy imbal-
ance in ER-positive breast cancer cells, leading
to mitochondrial dysfunction central to control-
ling cell viability.

Discussion

This study demonstrated that IRG1/Itaconate
rewrote biochemical pathways, which resulted
in increased metabolic stress from energy
imbalance and inhibited ER-positive cancer cell
growth. Our discoveries of the critical role of
IRG1 in determining breast cancer cell fate and
the potential therapeutic implication of itacon-
ate against breast cancer may add a new
dimension to the existing regulation network in
breast cancer.

A previous study has suggested that the loss of
13021-9g22 is an early genetic event in breast
cancer tumors without BRCA1 and BRCA2
mutations and possibly uncovers a recessive
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tumor suppressor gene at this locus [36]. While
in the study, we showed that IRG1, located
on chromosome 13¢22.3, maybe a potential
tumor suppressor gene via, at least in part, ita-
conate generation in ER-positive breast cancer
cells, supporting evidence from the murine
models would also be needed in the future.
But, accumulated evidence has, thus far, pro-
vided a complex picture due, in part, to the
different cancer types examined, particularly
regarding the direct role of IRG1 in tumorigen-
esis. For example, a report demonstrated that
IRG1 acted as an oncogene, driving glioma
pathogenesis [4, 37, 38]. B16 melanoma or ID8
ovarian carcinoma cells increased IRG1 expres-
sion in tissue-resident macrophages, leading to
itaconate production, oxidative stress, and sub-
sequent protumor macrophage polarization in
the tumor environment, ultimately promoting
tumor progression in melanoma and ovarian
cancer [4, 37, 39].

Deletion of the IRG1 gene occurs in approxi-
mately 40% of breast cancer (http://www.cbio-
portal.org); however, no mutations in the IRG1
gene were seen in these breast cancers. Hu
man loss-of-function mutations in IRG1 gene
are infrequent, which means the physiological
synthesis of its enzymatic metabolite, itacon-
ate, is vital at the population level [40]. It was
noted that ER-positive cancer cells were more
sensitive to itaconate than ER-negative cells,
indicating a complex interaction between es-
trogen signaling and IRG1/Itaconate axis.
Estrogen signaling regulates mitochondrial me-
tabolism via nuclear and mitochondrial-mediat-
ed events [41-43]; its anti-inflammatory role is
well-established [43, 44]. It would be interest-
ing to address the crosstalk between IRG1/
Itaconate and estrogen-estrogen receptor sig-
naling in metabolism and inflammation during
breast tumorigenesis.

IRG1 is a highly conserved gene expressed at
very low levels in most cell types, but its mRNA
is rapidly induced in macrophages under pro-
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inflammatory conditions [15, 17-20]. Accumu-
lated data from studies of IRG1/Itaconate in
immune cell bioenergetics and responses, thus
far, have suggested the potential therapeuti-
cally of itaconate in treating inflammatory dis-
eases [45, 46]. Our work on newly defined
aspects of IRG1/Itaconate in breast cancer
cells further supported the universal effect of
IRG1/Itaconate in glycolysis, TCA cycle, oxida-
tive phosphorylation, and fatty acid metabo-
lism. Notably, itaconate is a cysteine-modifying
compound [19-21, 47], which highlights that
there may be multiple effects of IRG1/Itaconate
exerting on the modulation of breast cancer
cell functions.

Changes in lipid metabolism have emerged as
an essential driver of resistance to anticancer
agents [14, 48]. Consistently, our work discov-
ers the significantly changing glycerophospho-
lipid profiles in IRG1-driven cells, suggesting
IRG1/Itaconate as a novel application in treat-
ing tumors even resistant to hormone therapy.
The mechanisms whereby IRG1/Itaconate mo-
dulates glycerophospholipid-derived lipid medi-
ators in breast cancer cells and their communi-
cation with the tumor microenvironment will
need further investigation.

The strategies targeting the metabolic enzymes
in the glycolysis, glutaminolysis, and fatty acid
synthesis pathways have also been developed
or proposed [49, 50]; however, they have yet to
be put into routine clinical practice [51]. This
evidence reflects that discrete metabolic net-
works are acquired in different types of cancer
and that other targets of the TCA cycle await to
be identified for treating breast cancer. We
demonstrated that a TCA cycle-derived metab-
olite, itaconate, functions as non-metabolic sig-
nals to dedicated breast cancer cell responses
and fates. Our work shows promise in facilitat-
ing the design for developing more efficacious
therapeutic and preventive strategies for breast
cancer.
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