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Abstract: Metastasis is a principal factor in the poor prognosis of colorectal cancer. Recent studies have found mi-
crobial metabolites regulate colorectal cancer metastasis. By analyzing metabolomics data, we identified an essen-
tial fecal metabolite citraconate that potentially promotes colorectal cancer metastasis. Next, we tried to reveal its
effect on colorectal cancer and the underlying mechanism. Firstly, the response of colorectal cancer cells (HCT116
and MC38 cells) to citraconate was assessed by Cell Counting Kit-8 assay, clonogenic assay, transwell migration
and invasion assay. Moreover, we utilized an intra-splenic injection model to evaluate the effect of citraconate on
colorectal cancer liver metastasis in vivo. Then molecular approaches were employed, including RNA sequencing,
mass spectrometry-based metabolomics, western blot, quantitative real-time PCR, cell ferrous iron colorimetric
assay and intracellular malondialdehyde measurement. In vitro, citraconate promotes the growth of colorectal can-
cer cells. In vivo, citraconate aggravated liver metastasis of colorectal cancer. Mechanistically, downstream genes
of NRF2, NQO1, GCLC, and GCLM high expression induced by citraconate resulted in resistance to ferroptosis of
colorectal cancer cells. In summary, citraconate promotes the malignant progression of colorectal cancer through
NRF2-mediated ferroptosis resistance in colorectal cancer cells. Furthermore, our study indicates that fecal me-
tabolite may be crucial in colorectal cancer development.
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Introduction metabolite composition [6, 7]. However, the
role of different metabolites in colorectal can-

Colorectal cancer is the third most common cer progression remains poorly understood.

cancer and the second leading cause of can-

cer-related deaths worldwide [1]. Metastasis is Previous studies showed intestinal flora metab-

a principal factor for the high mortality rate in
patients with colorectal cancer [2]. Therefore,
exploring the mechanism of metastasis is a
feasible strategy to find more effective thera-
peutic targets for colorectal cancer. In recent
years, more and more research reports sug-
gest that intestinal flora metabolites play an
essential role in the development of colorectal
cancer [3, 4].

Intestinal flora can produce a variety of metab-
olites, such as short-chain carboxylate, which
can not only directly act on the local intestine
but also enter the systemic circulation to play a
distant effect [5]. Studies have shown that
patients with colorectal cancer and matched
controls differ in the characteristics of fecal

olites promote cancer progression through mul-
tiple mechanisms, including inducing DNA dam-
age and genomic instability, influencing tumor
inflammation and the host immune response
[8], promoting tumor growth and angiogenesis
[9]. Furthermore, harmful intestinal flora me-
tabolites can promote colorectal cancer metas-
tasis by influencing cell metabolity [10], induc-
ing epigenetic modification of cells [11], and
maintaining stemness [12]. Whether the meta-
bolites of intestinal flora promote the malignant
progression of colorectal cancer through other
mechanisms remains to be further studied.

Herein, we analyzed the metabolic data of stool
samples from patients with metastatic and
non-metastatic colorectal cancer and found
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that the fecal samples of patients with meta-
static colorectal cancer had higher level of
citraconate. We speculated that citraconate
may promote the malignant progression of
colorectal cancer. In order to validate our spec-
ulation, we evaluate the effect of citraconate
on the proliferation and metastasis of colorec-
tal cancer in vitro and in vivo. Subsequently,
we conducted RNA-seq and metabolomics to
explore the underlying mechanisms and further
investigated them through a series of molecu-
lar experiments.

Materials and methods
Cell culture and reagents

Human colorectal cancer cell lines HCT-116
and mouse colorectal cancer cell lines MC38
were originally derived at the Sun Yat-sen
University Cancer Center (Guangzhou, China).
The cell lines were cultivated with high glucose
Dulbecco’s modified eagle medium (DMEM,
Gibco) supplemented with 10% fetal bovine
serum in a humidified incubator (Thermo Fish-
er Scientific) with 5% CO, at 37°C. Citraconate
(CAT#C82604) was purchased from Sigma-
Aldrich. RSL3 (CAT#IR1120) and brusatol
(CAT#1B0520) were purchased from Solarbio
Life Science and Technology Ltd. Vancomy-
cin hydrochloride (CAT#1404-93-9), ampicillin
(CAT#69-52-3), metronidazole (CAT#443-48-1),
and neomycin sulfate (CAT#1405-10-3) were
purchased from Sangon Biotech.

Cell viability assay

Cell viability was assessed by the Cell Counting
Kit-8 assay. Briefly, 3x103 cells/well were seed-
ed into 96-well plates. After the indicated treat-
ments, Cell Counting Kit-8 solution (Beyotime
Institute of Biotechnology, CAT#C0040) was
added to the medium at a dilution of 1:10
and cells were incubated at 37°C for 2 h.
Absorbance values were measured at 450 nm
using a microplate reader.

Transwell assays

The migratory and invasive capacity of tumor
cells were examined by a transwell chamber
apparatus (24-well plates, 8-um pore size. BD
falcon, CAT#353097). For migration assays,
HCT116 or MC38 cells in serum-free media
were placed in the upper chamber, while medi-
um containing 10% FBS was placed in the
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lower chamber. For invasion experiments,
HCT116 or MC38 cells in serum-free media
were seeded into the hanging cell culture
inserts coated with matrigel (Corning,
CAT#356234), while medium containing 10%
FBS was placed in the lower chamber. After 24
h, the cells were fixed, stained and photo-
graphed. Then, the average number of cells
migrated to the lower chamber was counted in
five fields at 100x magnification.

Colony formation assay

500 cells/well were seeded into a 6-well plate
and treated with citraconate for 10 days. Cells
were fixed in methanol and stained with crystal
violet. The colonies were imaged by the camera
and quantified.

Animal study

5 weeks C57 BL/6J female mice were pur-
chased from SPF (Beijing) Biotechnology Co.,
Ltd. After 1 week of adaptive feeding, mice
received daily gavage of combined antibiotics
(vancomycin hydrochloride 100 mg/kg, ampi-
cillin 200 mg/kg, metronidazole 200 mg/kg,
and neomycin sulfate 200 mg/kg) for 5 days
to deplete the gut microbiota [13]. After an
interval of 2 days, the experimental group was
fed with drinking water containing 3 mM citra-
conate for 3 days, and the control group was
fed with sterile water. Further, after an abdomi-
nal injection of anesthesia, all the mice were
established the colorectal cancer liver metas-
tasis model by intrasplenic injection [14]. After
that, mice in the control group were fed with
sterile water, while mice in the experimental
group continued to be fed with drinking water
containing 3 mM citraconate. 8 days later, the
mice’s body, liver, and spleen were weighed,
and photos were taken.

The animal experiments were approved by the
animal ethics committee of The Fifth Affiliated
Hospital of Sun Yat-sen University (Approval
number: 00421).

RNA sequencing

RNA purification, reverse transcription, library
construction and sequencing were performed
at Shanghai Majorbio Bio-pharm Biotechnology
Co., Ltd. (Shanghai, China). The data were ana-
lyzed on the free online platform of Majorbio
Cloud Platform [15].
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Non-targeted liquid chromatography-mass
spectrometry (LC-MS)-based metabolomics

After treatment with or without citraconate in
HCT116 cells for 24 h, the control group cells
(n=3) and citraconate-treated cells (n=3) were
collected for LC-MS based non-targeted me-
tabolomics analysis. LC-MS based non-target-
ed metabolomics analysis was performed at
Shanghai Majorbio Bio-pharm Biotechnology
Co., Ltd. (Shanghai, China). The data were ana-
lyzed on the free online platform of majorbio
choud platform [15]. The Orthogonal Partial
Least-Squares-Discriminant Analysis (OPLS-
DA) was utilized to distinguish the metabolites
that differed between groups. The fold change
(FC), Variable Importance of Projection (VIP)
value and P value were used to screen the
differential metabolites as follows: VIP>1 from
the OPLS-DA models, P value <0.05 and
|log2FC|>1.

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from samples using a
MolPure® Cell/Tissue Total RNA Kit (YEASEN,
CAT#19221ES50) according to the manufac-
turer’'s instructions. RNA was reverse tran-
scribed using a Hifair® Il 1st Strand cDNA
Synthesis SuperMix for qPCR (gDNA digester
plus) Kit (YEASEN, CAT#11141ES60) and gPCR
was performed on the cDNA using Hieff® gPCR
SYBR Green Master Mix (Low Rox Plus) Kit
(YEASEN, CAT#11202ES08) and gene-specific
primers (Table S1). The following PCR condi-
tions were used: 40 cycles of denaturation at
95°C for 10 s, annealing/elongation at 60°C
for 30 s.

Western blotting assay

Cells were lysed using RIPA buffer (Beyotime
Institute of Biotechnology, CAT#P0013) with
1% PMSF (Beyotime Institute of Biotechnology,
CAT#ST506), and the lysates were centrifuged
at 12,000 g at 4°C for 10 min. The BCA Protein
Assay Kit (Beyotime Institute of Biotechnology,
CAT#P0012) was employed to quantify the pro-
tein concentration. For Western blotting analy-
sis, the same amounts of samples were sepa-
rated by SDS-PAGE gel electrophoresis and
transferred to a PVDF membrane. After incuba-
tion with a protein-free rapid blocking buffer
(Servicebio, CAT#G2052) for 10 minutes, the
membrane was incubated at 4°C overnight
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with the corresponding primary antibody. The
primary antibodies used in the present study
are NQO1 rabbit polyAb (Beyotime Institute of
Biotechnology, CAT#AF7614, 1:2000), GCLC
rabbit polyAb (Beyotime Institute of Biotech-
nology, CAT#AF6969, 1:1000), GCLM rabbit
polyAb (Beyotime Institute of Biotechnology,
CAT#AF6972, 1:1000), NRF2 rabbit polyAb
(Beyotime Institute of Biotechnology, CAT#AF-
7623, 1:1000), KEAP1 mouse polyAb (Protein-
tech, CAT#60027-1-1g, 1:1000) and recombi-
nant anti-GAPDH antibody (HRP Conjugated)
(Servicebio, CAT#ZB15004-HRP-100, 1:3000).
After washing, the membranes were incubated
with corresponding HRP-conjugated secondary
antibodies for 1 hour at room temperature,
HRP-conjugated goat anti-rabbit secondary
antibody (TransGen Biotech, CAT#HS101-01,
1:5000) for NQO1, GCLC, GCLM, NRF2. And
HRP-conjugated goat anti-mouse secondary
antibody (TransGen Biotech, CAT#HS201-01,
1:5000) for KEAP1. The electrochemilumines-
cence (ECL) reagent (Thermo Fisher Scientific,
34580) was used to detect target bands and
capture the image. The quantitative analysis
was performed using ImageJ software.

Cell ferrous iron colorimetric assay

The intracellular relative ferrous iron level was
assessed using a Cell Ferrous Iron Colorime-
tric Assay Kit (Elabscience, CATHE-BC-K881-M).
2x1068 cells were harvested and lysed on ice for
10 min with 200 L of lysis buffer before being
centrifuged at 15,000 g for 10 min to collect
the supernatant. Then, the ferrous iron level
was assessed according to the manufacturer’s
instructions.

Intracellular malondialdehyde (MDA) measure-
ment

The intracellular relative MDA level was mea-
sured using the malondialdehyde (MDA) as-
say kit (Beyotime Institute of Biotechnology,
CAT#S0131M). 5x106° cells were harvested and
lysed on ice for 10 min with 100 L of lysis buf-
fer before being centrifuged at 12,000 g for 10
min to collect the supernatant. Then, the intra-
cellular MDA level was assessed following the
procedure recommended by the manufacturer.
The accurate calculation of MDA was based on
the total amount of protein in each sample,
which was tested using the BCA protein assay

Am J Cancer Res 2024;14(6):2790-2804



Citraconate aggravates colorectal cancer progression

A Scores Plot

\‘? ® Metastasis

o .
15 4 Non-metastasis

10

(3]

= 10 a

: A ““A Ay S

- A A

et 5 4 e o%s & . A A A

Q .. ' A““A“

- o ®®®™ LaL b 3

o 0 ° e A

o Y- T U YA T S

n . ATea Aud L AL

- .5 . S <. -

E * .u‘ﬂ 44

c ., o A A

0‘10- ”;’AA R 3

g’ A

£-154

(o] -5 0 5

- ¥
1] [=)

-
o

-log10(p)

o
2}

o
(=)

Status * DOWN - Non-SIG <« UP

2
log2(FC)

Figure 1. Citraconate potentially promotes the malignant progression of colorectal cancer. A. OPLS-DA model of
fecal metabolites. B. Volcano plot analysis of fecal metabolites in patients with non-metastatic and metastatic

colorectal cancer (P<0.05, VIP>1). Non-SIG: Non-significant.

kit (Beyotime
CAT#P0012).

Institute of Biotechnology,

Statistical analysis

Statistical analyses were performed using Gra-
phPad Prism 8.0. The results are expressed as
Mean + SEM. Unpaired two-tailed Student’s t
test was used for comparisons between the
two groups. P value <0.05 was considered
to be statistically significant, marking with
*P<0.05, **P<0.01, ***P<0.005, ****P<
0.001. Experiments were repeated at least
three times.

Results

Citraconate potentially promotes the malig-
nant progression of colorectal cancer

We analyzed the fecal metabolomics data of
patients with metastatic and non-metastatic
colorectal cancer [16] by using the Metabo-
Analyst 5.0 (https://www.metaboanalyst.ca/
home.xhtml) online analysis software and
found that the metabolite composition of the
two groups was different (Figure 1A). And the
level of citraconate was higher in fecal samples
from patients with metastatic colorectal cancer
(Figure 1B).

Citraconate promotes the development of
colorectal cancer

In order to indicate the effect of citraconate
on cancer cells, we first treated HCT116 and
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MC38 cells with citraconate in vitro. We found
that citraconate significantly promotes colorec-
tal cancer cell proliferation (Figure 2A, 2B) and
clonal formation (Figure 2C-F). Moreover, citra-
conate notably facilitates colorectal cancer cell
migration (Figure 3A-D) and invasion (Figure
3E-H). Further, we detected the impact of citra-
conate on colorectal cancer in vivo. After inject-
ing the same amounts of MC38 cells into the
spleen, the results suggested that citraconate
did not affect body weight (Figure 4A), and pro-
moted liver metastasis of colorectal cancer in
mice (Figure 4B-D). Compared with the control
group, the liver metastasis in the citraconate
group mice was more severe (Figure 4C). As for
the weight of the liver metastatic tumors, a sim-
ilar trend was observed between the control
group and the citraconate group (Figure 4B).
And H&E staining of livers sections revealed a
higher number of liver metastases (black arrow)
in the citraconate group (Figure 4D). Both in
vivo and in vitro evidence confirmed that citra-
conate promotes the malignant progression of
colorectal cancer.

Citraconate potentially inhibits ferroptosis

In order to further investigate the mechanism
of citraconate promoting the malignant pro-
gression of colorectal cancer, RNA-seq and
metabolomics were performed on HCT116
cells treated with citraconate. RNA-seq results
showed that the expression of ferroptosis sup-
pressor genes [17], NQO1, GCLC, and GCLM

Am J Cancer Res 2024;14(6):2790-2804
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Figure 2. Citraconate promotes the proliferation and clonal formation of colorectal cancer cells. A, B. HCT116 and
MC38 cells were incubated with various concentrations of citraconate for 48 hours, and cell proliferation was de-
tected by the Cell Counting Kit-8 assay. C, D. Representative images of cell colonies. E, F. The bar graph shows the
quantification of colony numbers. Experiments were repeated at least three times. Unpaired two-tailed Student’s
t test was used to compare the two groups. Data were presented as Mean + SEM. ns stands for no significance.

*P<0.05, **P<0.01, ***P<0.005, ****P<0.001.

was significantly up-regulated (Figure 5A).
KEGG annotation of differential expression
genes was most significantly enriched in cell
growth and death pathways (Figure 5B). Gene-
set enrichment analysis of transcripts hinted
that citraconate may regulate ferroptosis in
colorectal cancer cells (Figure 5C). Using OPLS-
DA models to explore differences in cell meta-
bolic phenotypes, the separation of the treat-
ment group and the control group in positive
(Figure S1A) and negative (Figure S1B) ion
mode was apparent, along with model charac-
teristics. Cluster analysis of differential metab-
olites showed that the contents of glutamic
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acid and glutamine decreased in the cancer
cells treated with citraconate (Figure S1C).
Meanwhile, y-glutamyl peptide increased in the
treatment group (Figure S1D). KEGG topologi-
cal analysis based on differential metabolites
revealed that the alanine, aspartate, and gluta-
mate metabolic pathways are the most impor-

tant (Figure S1E).

Citraconate promotes the malignant progres-
sion of colorectal cancer by suppressing fer-
roptosis

To further clarify the mechanism of citracona-
te accelerating the malignant progression of

Am J Cancer Res 2024;14(6):2790-2804
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Figure 3. Citraconate promotes colorectal cancer cell migration and invasion. For migration assays, 7.5x10° HCT116
and 2.8x10° MC38 cells were stimulated with 12 mM and 9 mM citraconate for 24 hours, respectively. For invasion
experiments, 1x10% HCT116 or 3.3x10* MC38 cells were treated with 12 mM and 9 mM citraconate for 24 hours,
respectively. Representative images of migrating cells (A, B) and invading cells (E, F) stained with crystal violet were
displayed. Scale bars: 50 ym in red. Quantitative analysis for the number of migrating cells (C, D) and invading cells
(G, H). Experiments were repeated at least three times. Unpaired two-tailed Student’s t test was used for compari-
sons between the two groups. Data were presented as Mean + SEM. **P<0.01, ****P<0.001.

colorectal cancer cells, we treated HCT116 and
MC38 cells with citraconate in vitro. The results
indicated that the mRNA and protein expres-
sion of ferroptosis suppressor genes NQO1
(Figure 6A, 6D, 6G), GCLC (Figure 6B, 6E, 6H)
and GCLM (Figure 6C, 6F, 6l) are significantly
up-regulated in HCT116 cells. Similarly, the
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mMRNA and protein expression of NQO1 (Figure

S2A, S2D, S2G), GCLC (Figure S2B, S2E, S2H)
and GCLM (Figure S2C, S2F, S2I) are also sig-
nificantly up-regulated in MC38 cells. To further
investigate whether citraconate regulates fer-
roptosis in colorectal cancer cells, we tested
the intracellular relative ferrous iron and MDA

Am J Cancer Res 2024;14(6):2790-2804
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Figure 4. Citraconate promotes liver metastasis of colorectal cancer. Weights of whole body (A) and liver (B) in the
control group (n=5) and citraconate group (n=5) were measured. (C) Imaging of liver and spleen specimens from
metastatic models established by spleen injection of MC38 cells. (D) Hepatic H&E staining of mouse liver with liver
metastases. Scale bars: 250 um in black. Unpaired two-tailed Student’s t test was used for comparisons between
the two groups. Data were presented as Mean + SEM. ns stands for no significance. *P<0.05.

levels. The data illustrated that both of them
in the citraconate treatment group decrease
remarkably in HCT116 and MC38 cells (Figure
7A, 7B).

To determine whether citraconate promotes
the malignant progression of colorectal cancer
via inhibiting ferroptosis, the ferroptosis induc-
er RSL3 was introduced. RSL3 increased the
intracellular relative MDA and ferrous iron lev-
els in HCT116 (Figure S3A, S3C) and MC38
(Figure S3B, S3D) cells, which were attenuated
by citraconate. As shown in Figure 7, citracon-
ate promoted HCT116 cells proliferation (Figure
7C) and migration (Figure 7D, 7E), which were
attenuated by RSL3. Meanwhile, as shown in
Figure S4, similar results were found in MC38
cells. All these findings indicated that citracon-
ate induces malignant progression of colorec-
tal cancer by inhibiting ferroptosis.

Citraconate inhibits ferroptosis by upregulating
NRF2 protein level

Previous studies reported that ferroptosis
suppressor genes GCLC, GCLM and NQO1 are
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NRF2 downstream genes [18]. Herein, we
detected the level of NRF2 mRNA and protein,
and found that citraconate only markedly up-
regulates NRF2 protein level (Figure 8B, 8C),
rather than mRNA (Figure 8A). Meanwhile,
citraconate did not affect the KEAP1 (Kelch-
like ECH-associated protein 1) protein level
(Figure 8B, 8C). Then, we treated colorectal
cancer cells with brusatol, which induces NRF2
depletion through KEAPZ1-independent [19],
and found that citraconate-induced cell prolif-
eration (Figure 8D) and migration (Figure 8E,
8F) were attenuated by brusatol. All these
results indicated that citraconate induces mali-
gnant progression of colorectal cancer through
inhibiting ferroptosis by increasing NRF2 pro-
tein level.

Discussion

Fecal metabolites between patients with co-
lorectal cancer and matched controls have
different composition characteristics [6, 7].
However, there is little research on the roles
and mechanisms of these differential metabo-

Am J Cancer Res 2024;14(6):2790-2804
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lites in the progression of colorectal cancer.
Herein, we found that the level of citraconate
was higher in fecal samples from patients with
metastatic colorectal cancer (Figure 1). Citra-
conate widely distributes in various tissue and
biofluids [20] and possesses multifaceted fea-
tures such as anti-inflammatory, anti-oxidative
and antiviral properties [21]. According to a
previous report, citraconate is elevated in the
serum of colorectal cancer patients with dis-
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ease progression status [22]. Therefore, two
questions were raised regarding (1) the func-
tion of citraconate in colorectal cancer progres-
sion and (2) the mechanism by which citracon-
ate affects colorectal cancer progression.

In order to identify the correlations between
citraconate and colorectal cancer progression,
two colorectal cancer cell lines (HCT116 and
MC38) were treated with exogenous citracon-

Am J Cancer Res 2024;14(6):2790-2804
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Figure 6. Citraconate up-regulates the expression of ferroptosis suppressor genes. NQO1 (A), GCLC (B), and GCLM
(C) mRNA were detected by qRT-PCR after HCT116 cells were treated with 12 mM citraconate for 24 hours. Protein
expression of NQO1 (D, G), GCLC (E, H), and GCLM (F, I) was detected by western blot after HCT116 cells were
treated with 12 mM citraconate for 48 hours. Experiments were repeated at least three times. Unpaired two-tailed
Student’s t test was used for comparisons between the two groups. Data were presented as Mean + SEM. *P<0.05,
**P<0.01, ***P<0.005, ****P<0.001.

ate, respectively (Figures 2 and 3). Meanwhile, in vivo and in vitro evidence confirmed that
an intra-splenic injection model was used to citraconate promotes the proliferation and
evaluate the effect of citraconate on colorectal metastasis of colorectal cancer cells (malig-
cancer liver metastasis in vivo (Figure 4). Both nant progression). Moreover, whether colorec-
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Figure 7. Citraconate inhibits ferroptosis in colorectal cancer cells. HCT116 cells were treated with 12 mM citracon-
ate for 72 hours, and MC38 cells were stimulated with 9 mM citraconate for 48 hours. The cellular MDA (A) and
ferrous iron (B) levels were assessed. (C) HCT116 cells were incubated with 12 mM citraconate with or without 3
UM RSL3 for 48 hours. Then, cell viability was measured by Cell Counting Kit-8 assay. After 7.5x10° HCT116 cells
seeded in the transwell chamber for 6 hours, the cells were pre-treated with 1 uM RSL3 for 2 hours. Next, treat-
ment groups were incubated with 12 mM citraconate, 1 yM RSL3, or both of them for 16 hours, respectively. (D)
Representative images of migrating cells stained with crystal violet were displayed. Scale bars: 50 um in black. (E)
Quantitative analysis for the number of migrating cells. Experiments were repeated at least three times. Unpaired
two-tailed Student’s t test was used for comparisons between the two groups. Data were presented as Mean + SEM.
ns stands for no significance. **P<0.01, ***P<0.005, ****P<0.001.
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Figure 8. Citraconate inhibits ferroptosis by upregulating NRF2 protein level. A. NRF2 mRNA was detected by qRT-
PCR after HCT116 cells treated with 12 mM citraconate for 24 hours. B, C. The protein level of NRF2 and KEAP1
was detected by western blot after HCT116 cells were stimulated with 12 mM citraconate for 48 hours. D. HCT116
cells were incubated with 12 mM citraconate with or without 5 nM brusatol for 48 hours. Then, cell viability was
accessed by Cell Counting Kit-8 assay. The cells were pre-treated with 5 nM brusatol for 2 hours after 7.5x10°
HCT116 cells were seeded in the transwell chamber for 6 hours. Subsequently, treatment groups were incubated
with 12 mM citraconate, 5 nM brusatol, or both of them for 16 hours, respectively. E. Representative images of
migrating cells stained with crystal violet were displayed. Scale bars: 50 uym in black. F. Quantitative analysis for the
number of migrating cells. Experiments were repeated at least three times. Unpaired two-tailed Student’s t test was
used for comparisons between the two groups. Data were presented as Mean + SEM. ns means no significance.
***P<0.005, ****P<0.001.
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tal cancer patients with poor prognosis have a
higher level of citraconate in their feces is nec-
essary to analyze in the following study.

To further explore the underlying mechanism of
citraconate, which is involved in the malignant
progression of colorectal cancer, RNA-seq and
metabolomics were performed. RNA-seq data
showed that citraconate enhances the expres-
sion of NQO1, GCLC, and GCLM (Figure 5),
which are ferroptosis suppressor genes [17].
Furthermore, we verified that the mRNA and
protein of these genes of colorectal cancer
cells were significantly up-regulated in the citra-
conate treatment group in vitro (Figures 6 and
S2). Meanwhile, metabolomics data suggested
that intracellular y-glutamyl peptide increases
in the citraconate treatment group (Figure S1),
which has been reported to inhibit ferroptosis
[23]. Ferroptosis is a new form of cell death dis-
covered recently and mainly results from intra-
cellular ferrous iron accumulation and lipid per-
oxidation [24]. It is known that excessive iron
promotes the overproduction of reactive oxy-
gen species by the Fenton reaction, which
leads to cell cytotoxicity [25] and is responsible
for ferroptosis [26]. Lipid peroxidation is a key
event of ferroptosis [27], and MDA is the princi-
pal and most studied byproduct of lipid peroxi-
dation [28]. In our study, we found that citra-
conate markedly suppresses the level of
cellular MDA (Figure 7A) and ferrous iron
(Figure 7B) in colorectal cancer cells. These
findings confirmed that citraconate inhibits fer-
roptosis of colorectal cancer.

Increasing studies show that inhibiting ferropto-
sis can promote the malignant progression of
colorectal cancer and treatment resistance
[29, 30]. Inhibition of ferroptosis can promote
tumor invasion and metastasis through multi-
ple mechanisms, such as affecting lipid metab-
olism of tumor cells [31], promoting epithelial-
mesenchymal transition of cancer cells [32,
33], inhibiting cancer stem cells’ growth [34],
and so on. Combining our findings, we specu-
late that citraconate may lead to malignant pro-
gression of colorectal cancer by inhibiting fer-
roptosis. NQO1, GCLC, and GCLM are critical
proteins involved in glutathione synthesis [35,
36], and glutathione acts as a necessary cofac-
tor for the normal function of glutathione per-
oxidase 4 (GPX4), which is the critical enzyme
for oxidative lipid homeostasis and ferroptosis
[37]. GPX4 acts as a bulwark against lipid
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peroxidation, and its inhibition could trigger fer-
roptosis [38]. In order to findout the relation-
ship between ferroptosis and colorectal cancer
malignant progression induced by citraconate.
RSL3, a GPX4 inhibitor, which covalently binds
to its selenocysteine residue (Sec46) and
induces cell ferroptosis [39], was introduced in
this study. RSL3 has used as a ferroptosis
inducer for colorecatal cancer cells in previous
studies [40-42]. Herein, we also found that
RSL3 increased the intracellular relative fer-
rous iron and MDA levels in HCT116 and MC38
cells. And expectedly, RSL3-induced ferropto-
sis could be attenuated by citraconate (Figure
S3). Our results suggested that citraconate-
induced colorectal cancer malignant progres-
sion (Figures 7 and S4) were attenuated by
RSL3. These findings confirmed that citracon-
ate promotes the malignant progression of
colorectal cancer by inhibiting ferroptosis.

Previous studies showed that NRF2 translo-
cates into the nucleus and interacts with anti-
oxidant response element (ARE), driving the
downstream gene expression, such as GCLC,
GCLM, and NQO1 [43]. Chen et al. reported
that citraconate exerted a stabilizing effect on
NRF2 in human keratinocyte cells (HaCaT) and
induced transcription of downstream factors
of NRF2 [21]. Similarly, this study found that
citraconate apparently increases NRF2 protein
level (Figure 8B, 8C) rather than mRNA (Figure
8A) in HCT116 cells. NRF2 is an essential nega-
tive regulator of ferroptosis, making it a vital
candidate to mediate ferroptosis inhibition
effects, and has become a key target in the
development of anti-cancer therapies [44].
Next, to find out the relationship between NRF2
and the malignant progression of colorectal
cancer induced by citraconate, we introduced
brusatol which induces NRF2 depletion [19].
The results suggested that citraconate-induced
cell proliferation (Figure 8D) and migration
(Figure 8E, 8F) were attenuated by brusatol.
Thus, citraconate functions as a ferroptosis
inhibitor mainly via up-regulating of NRF2 pro-
tein level. However, the mechanism of citracon-
ate blocking the degradation of NRF2 needs
further investigation. Citraconate has two natu-
rally occurring isomers, namely itaconate and
mesaconate, which differ from it only by the
position of a double bond [20, 21]. And citra-
conate is the strongest electrophile and
SH-alkylator among the three isomers [21].
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Figure 9. Citraconate promotes the malignant progression of colorectal cancer through NRF2-mediated ferroptosis

resistance in colorectal cancer cells.

Furthermore, itaconate activates NRF2 by
alkylation of KEAP1 cysteine residues [45]. In
this study, we found that citraconate did not
affect the KEAP1 protein level. Based on these
clues, we consider that citraconate may acti-
vate NRF2 through alkylation of KEAP1, similar
to itaconate.

In summary, in this study, we found that citra-
conate promotes the malignant progression of
colorectal cancer through NRF2-mediated fer-
roptosis resistance in colorectal cancer cells
(Figure 9).
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Table S1. Primers for gPCR

Gene name Forward primer (5’-3’) Reverse primer (5’-3")
GAPDH (human) TGTTGCCATCAATGACCCCTT CTCCACGACGTACTCAGCG
NQO1 (human) TGGTGGAGTCGGACCTCTATGC GTCTGCGGCTTCCAGCTTCTT
GCLC (human) AGTCCGGTTGGTCCTGTCTG GCTGTCCTGGTGTCCCTTCA
GCLM (human) TCTTGCCTCCTGCTGTGTGA CCACTCGTGCGCTTGAATGT
NFE2L2 (human) TTCCTTCAGCAGCATCCTCTCC TCTGTGTTGACTGTGGCATCTG

Gapdh (mouse)
Ngol (mouse)
Gcele (mouse)
Gelm (mouse)

AAGGTGGTGAAGCAGGCATCT
GGTAGCGGCTCCATGTACTCTC
GCCTGGAGCCTCTGAAGAACA
CGTGCTGTGCCAGAAGATGATC

AAGGTGGTGAAGCAGGCATCT
GCAGGATGCCACTCTGAATCG
CGTGCTGTGCCAGAAGATGATC
GCTGCTCCAACTGTGTCTTGTC
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Citraconate aggravates colorectal cancer progression

Figure S1. Citraconate regulates glutamate metabolism. (A) LC-MS were performed on HCT116 cells treated with
12 mM citraconate for 24 hours. OPLS-DA achieved a fairly distinct separation in positive (A) and negative (B) ion
modes. (C) Cluster analysis of differential metabolites showed that the contents of L-glutamic acid and L-glutamine
decreased in the citraconate treatment group. (D) y-glutamyl peptide synthesis increased in HCT116 cells treated
with citraconate. (E) KEGG topological analysis based on differential metabolites.
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Figure S2. Citraconate up-regulates the expression of ferroptosis suppressor genes in MC38 cells. Ngol1 (A), Gele
(B), and Gelm (C) mRNA were detected by qRT-PCR after MC38 cells were treated with 9 mM citraconate for 24
hours. Protein expression of NQO1 (D, G), GCLC (E, H), and GCLM (F, I) was detected by western blot after MC38
cells were treated with 9 mM citraconate for 48 hours. Experiments were repeated at least three times. Unpaired
two-tailed Student’s t test was used for comparisons between the two groups. Data were presented as Mean + SEM.
*P<0.05, **P<0.01, ***P<0.005.
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Figure S3. RSL3 induces ferroptosis in colorectal cancer cells. HCT116 and MC38 cells were pre-treated with 1 yM
RSL3 and 0.5 uM RSL3 for 2 hours, respectively. Next, treatment groups were incubated with 12 mM citraconate, 1
UM RSL3, or both of them for 72 hours in HCT116 cells. And treatment groups were incubated with 9 mM citracon-
ate, 0.5 uM RSL3, or both of them for 48 hours in MC38 cells. The cellular MDA and ferrous iron levels were as-
sessed in HCT116 (A, C) and MC38 (B, D) cells. Experiments were repeated at least three times. Unpaired two-tailed
Student’s t test was used for comparisons between the two groups. Data were presented as Mean + SEM. ns stands
for no significance. *P<0.05, **P<0.01, ***P<0.005.
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Figure S4. Citraconate inhibits ferroptosis in MC38 cells. A. MC38 cells were incubated with 9 mM citraconate with
or without 0.1 uM RSL3 for 48 hours. Then, cell viability was measured by Cell Counting Kit-8 assay. After 1.2x10°
MC38 cells seeded in the transwell chamber for 6 hours, the cells were pre-treated with 0.5 uM RSL3 for 2 hours.
Next, treatment groups were incubated with 9 mM citraconate, 0.5 uM RSL3, or both of them for 16 hours, respec-
tively. B. Representative images of migrating cells stained with crystal violet were displayed. Scale bars: 50 pm in
black. C. Quantitative analysis for the number of migrating cells. Experiments were repeated at least three times.
Unpaired two-tailed Student’s t test was used for comparisons between the two groups. Data were presented as
Mean + SEM. ns stands for no significance. *P<0.05, **P<0.01, ***P<0.005.



