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Summary
Background Pyrimidine nucleotides fuel the growth of colorectal cancer (CRC), making their associated proteins
potential targets for cancer intervention. Uridine-Cytidine Kinase Like-1(UCKL1) is an enzyme involved in the
pyrimidine salvage pathway. It is highly expressed in multiple cancers. But the function and underlying
mechanism of UCKL1 in CRC are yet to study.

Methods Large-scale genomic analysis was performed to search for potential CRC players related to pyrimidine
metabolism. The function of UCKL1 in CRC were examined by RNA interference coupled with in vitro and in vivo
assays. GSH/GSSG assay, NADP+ assay, ROS, and Lipid peroxidation assays were performed to check the function of
UCKL1 in ferroptosis. Metabolomics analyses, RNA sequencing, western blotting, and rescue assays were done to
reveal the underlying mechanisms of UCKL1. Xenograft mouse model was used to examine the therapeutic potential
of UCKL1 as a target in combination with other ferroptosis inducers.

Findings UCKL1 was identified to repress ferroptosis in CRC cells. It was highly expressed in CRC. It regulated CRC
cells proliferation and migration. Downregulation of UCKL1 led to enhanced tumour lipid peroxidation. Intriguingly,
UCKL1 reduction-mediated ferroptosis was not related to its role in catalyzing uridine monophosphate (UMP) and
cytidine monophosphate (CMP) synthesis. Instead, UCKL1 stabilized Nrf2, which in turn promoted the
expression of SLC7A11, a classical repressor of ferroptosis. Moreover, downregulation of UCKL1 sensitized CRC
cells to GPX4 inhibitors in vitro and in vivo.

Interpretation Our study demonstrates that UCKL1 plays a non-canonical role in repressing ferroptosis through a
UCKL1-Nrf2-SLC7A11 axis in CRC cells. Combinatorial strategy in targeting ferroptosis by depletion of UCKL1
and application of GPX4 inhibitors may serve as a new effective method for CRC treatment.
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Research in context

Evidence before this study
UCKL1 is an enzyme involved in the pyrimidine salvage
pathway. Previous studies have showed that UCKL1 is
associated with malignant phenotype of prostate cancer,
breast cancer and acute lymphoblastic leukaemia. However,
the role and underling mechanism of UCKL1 in CRC is
undetermined. Ferroptosis is a form of cell death induced by
excessive lipid peroxidation, and ferroptosis induction is
critical for tumour suppression. The relationship between
UCKL1 and ferroptosis is unknown.

Added value of this study
We found that UCKL1 is amplified in CRC and correlated with
poor prognosis. UCKL1 knockdown diminishes CRC cells

growth through induction of ferroptosis. Interestingly, UCKL1
reduction-mediated ferroptosis is not related to its role in
pyrimidine metabolism. Instead, UCKL1 stabilizes Nrf2, which
in turn promotes the expression of SLC7A11. Moreover,
downregulation of UCKL1 sensitizes CRC cells to GPX4
inhibitors in vitro and in vivo.

Implications of all the available evidence
Our study demonstrates that UCKL1 has a non-canonical role
in ferroptosis defence in CRC. The ablation of UCKL1 inhibits
CRC cells growth by inducing ferroptosis through Nrf2-
SLC7A11 axis rather than pyrimidine metabolism. Targeting
UCKL1 may be a new effective strategy for CRC treatment.
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Introduction
Colorectal cancer (CRC) is one of the most common
cancers in the world, resulting in more than 900,000
death a year.1 Many patients cannot benefit from exist-
ing standard therapies. New drug targets for CRC are
urgently needed.

The crazy growth of CRC requires increased nucle-
otide biosynthesis to provide cell proliferation mate-
rials.2 Hence, nucleotide metabolism related proteins
may be potential targets for CRC treatment. Nucleotide
synthesis includes de novo synthesis and salvage syn-
thesis. The de novo synthesis utilizes small molecules
such as amino acids and ribose phosphate to synthesize
nucleotides. It is the main way to synthesize nucleotides
in proliferating cells.3,4 The salvage synthesis generates
nucleotides rapidly by using free bases and nucleosides
produced by cells after nucleic acid decomposition
through simple reactions.5 The salvage synthesis is an
energy and material saving pathway.6 Recently, accu-
mulating evidence revealed a close link between py-
rimidine synthesis and cancer.7–9

UCKL1, as an enzyme in pyrimidine salvage
pathway, can phosphorylate uridine and cytidine into
UMP and CMP respectively. It was reported that UCKL1
was associated with prostate cancer, breast cancer and
leukaemia.10–12 Downregulation of UCKL1 inhibited
leukaemia cell proliferation and enhanced its sensitivity
to natural killer cells.12,13 However, the role of UCKL1 in
CRC remains unclarified.

Ferroptosis is a form of cell death that is induced by
excessive lipid peroxidation.14 It has been reported in a
variety of human diseases, including cancer, kidney
failure, and neurodegenerative diseases.15–17 Ferroptosis
is characterized by the iron-dependent accumulation of
cellular reactive oxygen species (ROS) and lipid peroxi-
dation on cell membranes.14,18 Substantial progress has
been made in understanding the role of ferroptosis in
tumour biology and cancer therapy. Accumulating evi-
dence indicates that ferroptosis induction is critical for
tumour suppression. Many oncogenes and tumour
suppressor genes, including p53, AMPK, mTOR and
BRCA1-associated protein1 (BAP1),19–22 are important
regulators of ferroptosis. Ferroptosis is triggered by
polyunsaturated fatty acid-containing phospholipids
(PUFA-PL) synthesis and peroxidation,23,24 iron meta-
bolism25 and mitochondrial metabolism.26 However,
cancer cells have also developed anti-ferroptosis mech-
anisms for survival, such as SLC7A11-GSH-GPX4
system,27–29 FSP1-CoQH2 system,30,31 DHODH-CoQH2

system32 and the GCH1-BH4 system.33,34 In particular,
the SLC7A11-GSH-GPX4 regulatory system plays an
important role. SLC7A11, a unit of the cystine-glutamate
antiporter system Xc- which transports cystine into the
cytoplasm, is essential for GSH synthesis.35 In
conjunction with GPX4, GSH detoxifies lipid peroxides
and suppresses ferroptosis. Inactivation of SLC7A11
suppresses tumour growth.36,37 Radiotherapy and
immunotherapy induce ferroptosis partly through
repressing the expression of SLC7A11 too.38 In addition,
inactivating SLC7A11 by ferroptosis inducers alleviate
radioresistance and chemoresistance in cancer cells.39,40

Moreover, inhibition of GPX4, an enzyme essential for
the clearance of lipid ROS, induces ferroptosis even
when cellular GSH and cysteine levels are normal.29

However, some cancer cells are resistant to GPX4
inactivation-induced ferroptosis and the mechanism is
yet to be fully investigated.41 Theoretically, application of
the ferroptosis inducers or ablation of anti-ferroptosis
key genes in cancer cells are both promising strategies
for cancer treatment and deserved of detailed
exploration.

Utilizing the CRC database, we examined the asso-
ciation between CRC and genes that are involved in
pyrimidine pathways. We found that UCKL1 is highly
expressed in CRC. Further in vitro and in vivo studies
revealed that UCKL1 represses ferroptosis in CRC.
Intriguingly, the anti-ferroptosis role of UCKL1 is in-
dependent of the UCKL1 metabolic role. Instead,
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UCKL1 stabilizes transcription factor Nrf2, which in
turn promotes SLC7A11 expression, leading to the fer-
roptosis repression. Knockdown of UCKL1 also greatly
enhanced GPX4 inhibitor induced CRC ferroptosis and
tumour regression, suggesting that UCKL1 is a thera-
peutic target for the treatment of cancer which resists
GPX4 inactivation-induced ferroptosis.
Methods
Cell lines, culture and reagents
All the cells, including 293T, DLD1, RKO, LOVO,
SW480, SW620, HCT8, HCT116, HCT15, and HT29
were obtained from ATCC and confirmed free from
mycoplasma. DLD1, RKO, HCT116, and HCT8 cells
were cultured in RPMI 1640 (Corning, USA) supple-
mented with 10% (v/v) fetal bovine serum (FBS)
(Sigma–Aldrich, USA) at 37 ◦C and 5% CO2. Other cells
were maintained in complete Dulbecco’s modified Ea-
gle’s medium (Corning, USA) supplemented with 10%
FBS at 37 ◦C and 5% CO2.

Patients and tissue samples
Three cohorts of patients’ tissues were obtained for
the study. 83 primary CRC tissues and 34 adjacent
normal colon tissues for cohort 1, and 99 primary
CRC tissues and 77 adjacent normal colon tissues for
cohort 3 were collected from the Sixth Affiliated
Hospital, Sun Yat-sen University for research under
ethical approval 2022ZSLYEC-515. Cohort 2 contains
15 pairs of primary CRC tissues and adjacent normal
colon tissues. It was obtained from Shanghai Outdo
Biotechnology Company for research under ethical
approval SHXC2021YF01. Informed consent was ob-
tained from all patients prior to the collection of
samples. The sex was not taken into account in the
design of the study. The sex data was self-reported by
study participants. The demographic data of all three
cohorts are shown in Supplementary Table S1. The
microarrays of the above samples were stained with
immunohistochemistry and scanned with the Aperio
Versa (Leica Biosystems). The staining intensity was
quantified using Image J and the expression of UCKL1
was evaluated using the z-score. Mann–Whitney U
test or Unpaired two-tailed Student’s t-test was used to
compare the results.

Bioinformatics analysis
Cancer genomic analyses including mutations, copy-
number, mRNA expression and protein level of the
pyrimidine pathway related genes in CRC were per-
formed using the dataset of colorectal adenocarcinoma
(TCGA, Firehose Legacy) in the cBioPortal for Cancer
Genomics (http://www.cbioportal.org/). The alteration
frequency of UCKL1, UCK1, and UCK2 in CRC were
also analysed with cBioPortal using datasets: Colorectal
Adenocarcinoma (TCGA, Firehose Legacy); Colon
www.thelancet.com Vol 93 July, 2023
Adenocarcinoma (CPTAC-2 Prospective, Cell 2019)42;
Colorectal Adenocarcinoma (TCGA, PanCancer Atlas);
Colorectal Adenocarcinoma (TCGA, Nature 2012)43 and
Colorectal Adenocarcinoma (Genentech, Nature 2012).44

The expression of UCKL1, UCK1, and UCK2 in colon
adenocarcinoma (TCGA) were downloaded from the
University of Alabama at Birmingham Cancer data
analysis Portal (http://ualcan.path.uab.edu). Datasets
GSE20916 and GSE8671 were used to analyse the
UCKL1 mRNA level in colon adenocarcinoma or colo-
rectal adenoma. Kaplan–Meier disease free survival
curve based on the expression level of Nrf2 or SLC7A11
in the CRC tissue from GSE106584 was downloaded
from R2 Genomics Analysis and Visualization Platform.

Plasmid constructs
To generate the shRNA constructs, the following se-
quences were used: UCKL1 shRNA #1: CGCACACA
ACAACTTCAACTT.

UCKL1 shRNA #2: GCCCATTTATGACTTCACCAC.
UCK1 shRNA #1: CGGAGCTACAAGCGGACCTTT.
UCK1 shRNA #2: CGGTCACATTTGGAGTCCAGC.
UCK2 shRNA #1: GATAGCTTCTACCGTGTCCTT.
UCK2 shRNA #2: GCAGACCAATGGCTGTCTCAA.
These shRNAs were integrated into the pLKO-Tet-

On vector. UCKL1, SLC7A11, and Nrf2 cDNA were
cloned into PCDH or pcDNA3.1 vector. All constructs
were checked by DNA sequencing.

RNA interference
Doxycycline inducible shRNA expressing lentivirus was
generated following the standard protocol of Lipofect-
amine 2000 Transfection Reagent Kit (ThermoFisher,
cat# 11668030). Briefly, 1 × 107 293T cells were co-
transfected with 10 μg shRNA, 5 μg psPAX2, and 5 μg
pMD2.G. Viral particles were collected from the super-
natant and filtered with Millex-GP Filter Unit. Subse-
quently, cancer cells were infected with lentivirus in
culture medium supplied with 10 μg/ml polybrene
(Sigma, cat# TR-1003) for 24 h. Infected cells were
selected with puromycin for 14 days to establish
inducible shRNA transduced cell lines. 100 ng/ml
doxycycline (Meilunbio, cat# MB1088-1) was added to
the culture medium to induce shRNA expression for the
following assays.

Colony formation assay
1000 cells were plated in each well of 6-well plates. After
treatment under experimental conditions for 14 days,
cells were fixed with methanol and stained with 1%
crystal violet (Solarbio, cat# G1062). The number of
colonies was counted by Image J software.

Western blotting assay
Cells or tissues were lysed using lysis buffer. The pro-
tein concentration was determined by BCA protein
quantitative Kit (BestBio, cat# BB-3401-250T). Cell
3
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lysates with equal amounts of protein were separated by
SDS–PAGE gel, transferred to a PVDF transfer mem-
brane and immunoblotted with specific antibodies as
indicated. Primary antibodies against UCKL1 (Pro-
teintech, cat# 17005-1-AP, RRID: AB_2210783, 1:1000
for WB), SLC7A11 (Proteintech, cat# 26864-1-AP, RRID:
AB_2880661, 1:1000 for WB), Nrf2 (Proteintech, cat#
16396-1-AP, RRID: AB_2782956, 1:1000 for WB),
β-actin (Santa Cruz, cat# sc-47778, RRID: AB_626632,
1:10000 for WB), Flag (Sigma–Aldrich, cat# F1804,
RRID: AB_262044, 1:2000 for WB), HA (Proteintech,
cat# 51064-2-AP, RRID: AB_11042321, 1:5000 for WB)
were used. Proper secondary antibodies conjugated with
horseradish peroxidase (HRP) were applied accordingly.
ChemiDoc imaging system (Bio-rad) was used to visu-
alize the results.

Wound healing assay
Cancer cells were seeded into a 12-well plate that with an
ibidi culture insert. The insert was removed after 24 h,
and cells were washed with PBS and cultured in 2% FBS
supplemented medium. Cells were photographed at
0 and 48 h. Wound closure (%) was assessed using the
Image J software.

Real-time qPCR
Total RNA was extracted from cells or tissue samples
using TRIzol reagent (Invitrogen, cat# 15596-026) ac-
cording to the manufacturer’s instructions. RNA sam-
ples were reverse transcribed to cDNA using a cDNA
synthesis kit (TransGen, cat# AE301-03). RNA
sequencing was performed and analysed by GENEWIZ
(Suzhou, China). Real-time qPCR analysis was carried
out using an ABI QuantStudio 7 Flex with SYBR kit
(TransGen, cat# AQ601-02). Three biological repeats for
each sample were tested for each assay. Relative mRNA
analysis was performed using the 2−ΔΔCt method. The
primers used for real-time qPCR were listed in
Supplementary Table S2.

Cell viability assay
For cell viability assay, cells were cultured in 96-well plates
and treated with or without doxycycline, ferrostatin-1
(Sigma–Aldrich, cat# SML0583), necrostatin-1s (APEx-
BIO, cat# A4213), Z-VAD-FMK (APExBIO, cat# A1902),
N-acetyl-L-cysteine (Sigma–Aldrich, cat# 616-91-1), RSL3
(Aladdin, cat# R302648), or ML162 (Sigma–Aldrich, cat#
SML2561). Subsequently, cells were exposed to medium
containing 10% CCK8 for 1 h at 5% CO2 in a 37 ◦C
incubator. The absorbance at a wavelength of 450 nm was
determined by microplate reader. Three biological repeats
for each sample were tested for each assay.

Lipid peroxidation and ROS assay
Cells were seeded on 6-well plates and incubated over-
night. The next day, cells were treated at the indicated
conditions. Fresh medium containing 5 μM BODIPY
581/591 C11 dye (Invitrogen, cat# D3861) or 10 μM
DCFH-DA (Beyotime, cat# S0033M) was added to each
well. BODIPY 581/591 C11 dye was used for the lipid
peroxidation assay and DCFH-DA for ROS measure-
ment. After incubation for 30 min at 37 ◦C, the cells
were trypsinized and resuspended in PBS. ROS and
lipid peroxidation levels were analysed by flow cytometry
(Beckman).

Metabolomics assay
UCKL1 shRNA transduced RKO cells were seeded on
15-cm culture plates and treated with or without doxy-
cycline. Cells were harvested at a density of about 80%
confluence. Cells were washed twice with PBS and
extracted with a mixture of methanol, acetonitrile and
water (2:2:1, v/v/v) on ice. After rapid freezing in liquid
nitrogen, samples were sent to Shanghai Applied Pro-
tein Technology for metabolomics assay. Multiple reac-
tion monitoring (MRM) analysis of 200 metabolites in
the samples was conducted using HILIC LC-MS/MS
targeted method. Raw data of metabolites were extrac-
ted with MRM Analyzer to obtain the peak area of each
metabolite.

GSH and GSSG assay
GSH and GSSG were measured using GSH/GSSG
assay kit (Beyotime, cat# S0053) following the manu-
facturer’s instructions. The concentrations of GSH and
GSSG were calculated from the standard curve.

NADP+/NADPH assay
NADP+/NAPDH assay kit (Beyotime, cat# S0179) was
used to determine the ratio of NADP+ and NADPH.
The assays were performed following the manufac-
turer’s instructions.

Determination of Fe2+

Iron assay kit (MesGen, cat# MIK4893) was used to
measure intracellular Fe2+ levels. Assays were per-
formed according to the manufacturer’s instructions.
The relative amount of Fe2+ was calculated based on
absorbance at 520 nm.

Enzymatic assays
The enzyme activity of UCKL1-wt and UCKL1-mut
(aa132-aa136 were deleted) were determined by
ADP-Glo™ Kinase Assay kit from Promega (Prom-
ega, cat# V6930). Cells transfected with UCKL1-wt,
UCKL1-mut or empty plasmids were lysed to deter-
mine enzyme activity according to the manufacturer’s
instructions.

Ubiquitination assay
Briefly, 293T cells were co-transfected with the indicated
plasmids. After 48 h of transfection, cells were treated with
20 μM MG132 for 6 h and then lysed for immunopre-
cipitation by anti-Flag antibody. Immunoprecipitated
www.thelancet.com Vol 93 July, 2023
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proteins were analysed by Western blot using anti-HA
antibody.

Xenograft CRC model
This study was approved by the Animal Ethical and
Welfare Committee of the Sixth Affiliated Hospital, Sun
Yat-sen University (IACUC-2020042801 and IACUC-
2022070301). 4–6 weeks female BALB/c-nu/nu mice
(about 20 g) were obtained from Guangdong Gem-
Pharmatech Co., Ltd (Guangdong, China). 5 × 106 RKO
or HCT116 cells transduced with doxycycline-inducible
UCKL1 shRNA were injected subcutaneously into
mice to establish a xenograft model. 5 days after inoc-
ulation, mice were randomly divided into different
groups. Drinking water containing 2 mg/ml doxycycline
was used to induce UCKL1 knockdown. For the RSL3
treatment, 50 mg/kg RSL3 were injected intra-
tumourally twice per week. Tumour size was measured
every 3 days using a digital calliper and calculated ac-
cording to the equation volume = length × width2 × 1/2.
At the end of the experiment, the mice were sacrificed
by CO2 suffocation. Tumours were harvested for
analysis.

Immunohistochemistry
The expression of SLC7A11, UCKL1, 4-HNE, and Ki-67
in tumours were characterized by IHC. Detailed proto-
col is as previously described.45 Briefly, tumour sections
were dewaxed in xylene, hydrated in descending con-
centrations of ethanol and immersed in 0.3% H2O2–

methanol for 30 min. Subsequently, the samples were
washed with PBS and probed with anti-UCKL1 (Pro-
teintech, cat# 17005-1-AP, RRID: AB_2210783, 1:300),
anti-SLC7A11 (Proteintech, cat# 26864-1-AP, RRID:
AB_2880661, 1:300), anti-4-HNE (Abcam, cat# ab46545,
RRID: AB_722490, 1:400) or anti-Ki-67 (Abcam, cat#
ab15580, 1:500) antibodies at 4 ◦C overnight. After-
wards, the sections were incubated with biotinylated
goat anti-rabbit or anti-mouse IgG at room temperature
for 2 h. Immunostaining was visualized with streptavi-
din/peroxidase complex and diaminobenzidine, and
sections were counterstained with haematoxylin.
Immunohistochemistry slides were scanned with The
Aperio Versa (Leica Biosystems).

Statistical analysis
All statistical analyses were performed using SPSS16.0
and GraphPad Prism 8.0 software. The data are pre-
sented as the means ± SD. Student’s t-test or Mann–
Whitney U test was performed to compare means be-
tween two groups, and one-way ANOVA was used for
multigroup comparisons. Paired samples were
compared using a paired student’s t-test. Two-way
ANOVA was used for comparison of differences be-
tween growth curves. Overall survival was evaluated by
the Kaplan–Meier survival analysis and the log-rank test.
Significance was defined as p < 0.05.
www.thelancet.com Vol 93 July, 2023
Role of funders
The funders were not involved in the study design, data
collection, data analyses, interpretation and writing of
report.
Results
UCKL1 is amplified in CRC and correlated with poor
prognosis
By using cBioPortal, we conducted large-scale genomic
analyses in colorectal adenocarcinoma (TCGA, firehose
legacy). It turned out that UCKL1 showed about 17%
genetic alteration, the highest alteration frequency
among pyrimidine metabolism genes in human CRC
cases (Fig. 1a and Supplementary Fig. S1a). UCKL1 is a
member of the Uridine-cytidine kinase (UCK) protein
family, alongside UCK1 and UCK2. These proteins
phosphorylate uridine and cytidine into UMP and CMP6

(Fig. 1b). Using cBioPortal, we analysed UCK1, UCK2
and UCKL1 profiles in multiple CRC datasets and
confirmed that only UCKL1 is significantly amplified
(Fig. 1c). Further analysis of mRNA expression from
TCGA by UALCAN website revealed that UCKL1 is
elevated in CRC, while the expression changes of UCK1
and UCK2 in CRC and normal tissues are relatively
small (Supplementary Fig. S2a–d). In addition, UCKL1
expression level is higher in colon cancer tissues than in
normal tissues in GEO cohorts GSE 20916 and GSE
8671 (Supplementary Fig. S2e and f).

To validate the database analysis, 30 paired CRC
samples were examined for UCKL1 expression. Real-
time qPCR assay revealed that UCKL1 mRNA levels
were generally higher in CRC tissues than in adjacent
normal tissues (Fig. 1d). As compared to adjacent
normal tissues, the protein level of UCKL1 was upre-
gulated in CRC tissues too (Fig. 1e). Meanwhile, IHC
staining of tissue microarray assay (TMA) from three
patient cohorts revealed that UCKL1 was more abun-
dant in CRC tissues than adjacent normal tissues
(Fig. 1f and Supplementary Fig. S2g). As highly
expressed in CRC tissues, the protein level of UCKL1
was also increased in CRC cell lines (Supplementary
Fig. S2h). Furthermore, Kaplan–Meier analysis with
TCGA database showed that high UCKL1 level was
correlated with poor overall survival in CRC (Fig. 1g). All
these data suggest that UCKL1 is associated with CRC
and may function as an oncogene.

UCKL1 is required for cell survival in CRC
To check whether UCKL1 is an oncogene, with
lentivirus-based tet-on systems, we knocked down
UCKL1 expression using two short hairpin RNAs
(shRNAs) that target two different loci of UCKL1.
UCKL1 mRNA and protein were significantly down-
regulated by doxycycline induced expression of UCKL1
shRNA-1 and shRNA-2 in HCT116 cells and RKO
cells (Fig. 2a and b). Meanwhile, viable cell numbers
5
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Fig. 1: UCKL1 is upregulated in CRC and associated with poor prognosis. (a) Genomic alterations of pyrimidine metabolism genes in CRC
database (TCGA, Firehose Legacy) analysed by cBioPortal for Cancer Genomics. (b) Schematic map of pyrimidine synthesis pathway. (c) Genomic
alterations of UCKL1, UCK1 and UCK2 in CRC database analysed by cBioPortal for Cancer Genomics. (d) Waterfall plot of the relative UCKL1
mRNA expression levels from 30 paired samples of CRC and adjacent normal tissue. N, adjacent normal tissue; T, tumour tissue. (e) UCKL1
protein level was detected from paired samples of CRC and adjacent normal tissue. N, adjacent normal tissue; T, tumour tissue. (f) Repre-
sentative images of UCKL1 IHC staining in human CRC and adjacent normal tissue in cohort 1 and cohort 2. Scale bars: 25 μm. Image J was used
to quantify the intensity of the staining, and z-score was calculated to evaluate the expression of UCKL1. Mann–Whitney U test and Unpaired
two-tailed Student’s t-test were used to compare the results. (g) Kaplan–Meier survival curves based on UCKL1 expression in the CRC tissue from
TCGA database.
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Fig. 2: UCKL1 knockdown diminishes CRC cells growth. (a) Real-time qPCR results of UCKL1 mRNA level in doxycycline-inducible UCKL1
shRNA transduced HCT116 or RKO cells treated with or without doxycycline. Unpaired two-tailed Student’s t-test was used to compare the
results. (b) Western blot results of UCKL1 protein level in doxycycline-inducible UCKL1 shRNA transduced HCT116 or RKO cells treated with or
without doxycycline. (c) Cell viability of doxycycline-inducible UCKL1 shRNA transduced HCT116 or RKO cells treated with or without doxy-
cycline. The data are represented as the means ± SD. Two-way ANOVA was used to compare the results. (d) Colony formation rates of
doxycycline-inducible UCKL1 shRNA transduced HCT116 or RKO cells treated with or without doxycycline. Quantification of the colony for-
mation rates are shown in right panel. The data are represented as the means ± SD. Unpaired two-tailed Student’s t-test was used to compare
the results. (e) Wound healing results of doxycycline-inducible UCKL1 shRNA transduced HCT116 or RKO cells treated with or without
doxycycline. Scale bars: 50 μm. Quantitative analyses are shown in right panel. The data are represented as the means ± SD. Unpaired two-tailed
Student’s t-test was used to compare the results. (f) The efficacy of UCKL1 knockdown on tumour growth was examined by subcutaneous
injection of RKO cells into nude mice. UCKL1 knockdown mice were fed with water containing doxycycline (2 mg/ml), while control mice were
just fed with water. Tumour growth curves are shown in the left panel. Tumour volume = length × width2 × 1/2. The data are represented as the
means ± SD (n = 5). Two-way ANOVA was used for comparison of differences between growth curves. Representative images of tumours are
shown in right panel.
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Fig. 3: UCKL1 knockdown induces ferroptosis. (a) Cell viability results of doxycycline induced UCKL1 knockdown HCT116 cells versus control
cells after 2 μM Nec-1, 5 μM Z-VAD, 5 μM fer-1, 2 mM NAC, or DMSO treatment. One-way ANOVA was used to compare the results. (b) Flow
cytometry analysis of C11-BODIPY staining cells to determine lipid peroxidation level in doxycycline induced UCKL1 knockdown HCT116 cells
versus control cells. The lipid peroxidation level of indicated cells was shown in bar graph. Unpaired two-tailed Student’s t-test was used to
compare the results. (c) Flow cytometry analysis of DCFH-DA staining cells to determine cellular total ROS level in doxycycline-induced UCKL1
knockdown HCT116 cells versus control cells. The fold change of ROS level of indicated cells was shown in bar graph. Unpaired two-tailed
Student’s t-test was used to compare the results. (d) Relative GSH, GSSG, and ratios of GSSG and GSH in doxycycline-induced UCKL1
knockdown HCT116 cells versus control cells. Unpaired two-tailed Student’s t-test was used to compare the results. (e) Relative NADP+/NADPH
ratios in doxycycline-induced UCKL1 knockdown HCT116 cells versus control cells. Unpaired two-tailed Student’s t-test was used to compare the
results. (f) Relative Fe2+ in UCKL1 knockdown HCT116 cells versus control cells. Unpaired two-tailed Student’s t-test was used to compare the
results. (g) Transmission electron microscopy images of doxycycline-induced UCKL1 knockdown HCT116 cells and control cells. Red arrows point
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were greatly reduced (Fig. 2c). To ensure that the
observation was not due to off-target effect of shRNA,
we performed shRNA rescue assay by overexpressing
shRNA resistant UCKL1 cDNA in UCKL1 knockdown
HCT116 cells. Western blot revealed that UCKL1
shRNA depleted UCKL1 protein was efficiently
rescued by expressing shRNA resistant UCKL1 cDNA
(Supplementary Fig. S3a). As a result, overexpression
of UCKL1 reversed the cell viability inhibition by
UCKL1 knockdown in HCT116 cells (Supplementary
Fig. S3b), confirming the specificity and effect of
UCKL1 shRNA. Moreover, UCKL1 knockdown
inhibited colony formation and cell migration (Fig. 2d
and e). Hence, UCKL1 is required for the malignant
behaviour of CRC cells.

We next asked whether other UCK family members
UCK1 and UCK2 function similarly as UCKL1 in CRC
cells. Using lentivirus-based RNA interference system
abovementioned, we knocked down UCK1 and UCK2
expression in RKO cells (Supplementary Fig. S4a and c).
However, knocking down either UCK1 or UCK2 did not
reduce RKO cell viability (Supplementary Fig. S4b and
d). Tumour cell colony formation capacity was not
affected neither (Supplementary Fig. S4e and f). These
data indicate that UCKL1, but not UCK1 and UCK2,
plays a critical role in CRC cells.

To further understand UCKL1 function in vivo, we
transplanted doxycycline-induced UCKL1 shRNA
transduced RKO cells subcutaneously into immunode-
ficient mice. Xenograft tumour growth was evidently
decreased by doxycycline induction (Fig. 2f). At the end
of the experiment, tumour weight in the doxycycline
treated group showed a significant reduction compared
to the control group (Supplementary Fig. S5a). Doxycy-
cline treatment reduced the mRNA and protein levels of
UCKL1 in tumours (Supplementary Fig. S5b and c).
Further immunohistochemistry assay also showed a
reduction of UCKL1 and Ki-67 in doxycycline treated
mouse tumour (Supplementary Fig. S5d). Together,
these results indicate that UCKL1 is required for CRC
growth, and that knockdown of UCKL1 leads to CRC
cell death.

Downregulation of UCKL1 reduces viable CRC cells
through induction of ferroptosis
Next, we set to explore what kind of cell death may be
mediated by UCKL1 depletion in CRC cells. To address
this, we supplied apoptosis inhibitor Z-VAD-FMK
(Z-VAD), the necroptosis inhibitor necrostatin-1 (Nec-
1), the ferroptosis inhibitor ferrostatin-1 (Fer-1) and the
ROS scavenger N-acetyl-L-cysteine (NAC) into the
to mitochondria. Scale bars: left, 5 μm; middle, 2 μm; right, 500 nm. (h) U
UCKL1 overexpression DLD1 cells. (i) Lipid peroxidation level was determ
30 μM erastin for 48 h. One-way ANOVA was used to compare the resu
overexpression cells after treatment with 5 μM RSL3 for 48 h. (k) Correl
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culture medium of UCKL1 knockdown cells. Fer-1 and
NAC partially reversed UCKL1 knockdown-induced cell
viability inhibition, but Z-VAD and Nec-1 did not
(Fig. 3a and Supplementary Fig. S6a). Hence, UCKL1
knockdown-induced cell death in CRC cells is likely to
be ferroptosis. To substantiate this, we further examined
ferroptosis related cell properties. Congruently, UCKL1
knockdown induced lipid peroxidation in HCT116 and
RKO cells (Fig. 3b and Supplementary Fig. S6b). DCFH-
DA staining revealed increased total ROS in UCKL1
knockdown cells (Fig. 3c and Supplementary Fig. S6c).
The knockdown of UCKL1 also increased lipid peroxi-
dation and ROS in SW620 and LOVO cells
(Supplementary Fig. S7a–f). In keeping with the results,
both GSSG/GSH ratio and NADP+/NADPH ratio were
increased in UCKL1 knockdown cells (Fig. 3d and e and
Supplementary Fig. S6d and e), which reflected the state
of oxidative stress in cells. Notably, GSH showed a sig-
nificant reduction as well (Fig. 3d and Supplementary
Fig. S6d). The level of Fe2+, another indicator of fer-
roptosis, was increased in UCKL1 knockdown cells
(Fig. 3f and Supplementary Fig. S6f). Transmission
electron microscopy further revealed that UCKL1
knockdown cells exhibited mitochondrial abnormalities,
like shrunken, enhanced membrane density and absent
crista, the typical morphologic features of ferroptosis
(Fig. 3g and Supplementary Fig. S6g). Conversely,
overexpression of UCKL1 prevented lipid peroxidation
caused by ferroptosis inducers (Fig. 3h–j). Interestingly,
according to the TCGA database, UCKL1 expression
level was positively correlated with the expression of
GPX4 and FSP1, two master anti-ferroptosis proteins
(Fig. 3k). It should be noted that neither UCK1 nor
UCK2 knockdown could induce ROS and lipid peroxi-
dation in CRC cells (Supplementary Fig. S8a–d),
demonstrating a specific role of UCKL1 in ferroptosis.

UCKL1 knockdown-induced ferroptosis is
independent of UMP/CMP
Next, we asked how UCKL1 is involved in ferroptosis.
As UCKL1 is a key enzyme in the pyrimidine salvage
pathway, we postulated that UCKL1 knockdown may
cause scarcity of UMP and CMP, leading to ferroptosis
in cancer cells.

To test this postulation, we performed metabolomics
analyses of nucleotides in UCKL1 knockdown cells.
Unexpectedly, no significant decrease of the pyrimidine
metabolites was detected in UCKL1 knockdown RKO
cells (Fig. 4a and b). In agreement with the metab-
olomics analysis results, supplement of UMP and CMP
could not restore the inhibition of cell viability and
CKL1 protein levels were determined by Western blot in control and
ined in control and UCKL1 overexpression cells after treatment with
lts. (j) Lipid peroxidation level was determined in control and UCKL1
ation analysis of UCKL1 with GPX4 and FSP1 in TCGA.
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Fig. 4: UCKL1 mediated ferroptosis regulation is independent of UMP/CMP. (a) The result of metabolomics in UCKL1 knockdown RKO cells.
Blue dots represent reduced metabolites and red dots indicate increased metabolites. Grey dots represent substances of no significant change.
UMP and CMP are presented with black dots. (b) LC-MS-based metabolomics results of indicated nucleoside in doxycycline induced UCKL1
knockdown RKO cells versus control cells. Unpaired two-tailed Student’s t-test was used to compare the results. (c) Cell viabilities of inducible
UCKL1 shRNA transduced HCT116 cells with or without doxycycline and UMP treatment. The concentrations of UMP are 1, 10 or 100 μM. One-
way ANOVA was used to compare the results. NS, not significant. (d) Cell viabilities of inducible UCKL1 shRNA transduced HCT116 cells with or
without doxycycline and CMP treatment. The concentrations of CMP are 1, 10, or 100 μM. One-way ANOVA was used to compare the results.
NS, not significant. (e) Colony formations of inducible UCKL1 shRNA transduced HCT116 cells with or without doxycycline, UMP and CMP
treatment. The concentrations of UMP or CMP are 1, 10, or 100 μM. (f) Flow cytometry analysis of C11-BODIPY staining cells to resolve lipid
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colony formation caused by UCKL1 knockdown
(Fig. 4c–e and Supplementary Fig. S9a–c). UMP and
CMP treatment could not reverse the increased lipid
peroxidation and ROS induced by UCKL1 knockdown
either (Fig. 4f and g and Supplementary Fig. S9d and e).
In order to confirm that UCKL1 regulates ferroptosis
independent of pyrimidine metabolism, we overex-
pressed a UCKL1 mutant which the uridine binding
motif (aa132-aa136)46,47 was deleted in DLD1 cells.
UCKL1 mutant showed a reduced ability to catalyze
uridine compared to wild type UCKL1 (Fig. 4h and i).
However, it could still decrease erastin induced lipid
peroxidation and ROS increase (Fig. 4j and k). Collec-
tively, these observations suggested a non-canonical
function of UCKL1 in repressing ferroptosis in CRC.

UCKL1 reduction-mediated ferroptosis is SLC7A11-
dependent
To understand how UCKL1 inhibits ferroptosis, we
performed RNA sequencing assay to compare the tran-
scriptome of the control and UCKL1 knockdown cells.
SLC7A11, a key gene in ferroptosis defence, was the top
gene downregulated in UCKL1 knockdown cells
(Fig. 5a), suggesting that it may be a downstream
effector of UCKL1. To clarify the impact of UCKL1 on
SLC7A11, we checked the expression of SLC7A11 in
UCKL1 knockdown CRC cells. Both SLC7A11 mRNA
and protein expression were significantly downregulated
upon UCKL1 knockdown (Fig. 5b and c and
Supplementary Fig. S10a and b), confirming the positive
correlation between UCKL1 and SLC7A11. GSH, the
downstream product of SLC7A11, was reduced in
UCKL1 knockdown cells too (Fig. 3d and
Supplementary Fig. S6d). Considering the role of
SLC7A11 in ferroptosis defence, we hypothesized that
UCKL1 knockdown induces ferroptosis through
SLC7A11 ablation. We tested this hypothesis by using
lentivirus-mediated enforced expression of SLC7A11 in
UCKL1 knockdown cells. As expected, SLC7A11 over-
expression significantly alleviated the cell viability inhi-
bition induced by UCKL1 knockdown in CRC cells
(Fig. 5d and e and Supplementary Fig. S10c and d).
Meanwhile, UCKL1 knockdown-induced lipid peroxi-
dation and ROS was reversed by SLC7A11 over-
expression (Fig. 5f and g and Supplementary Fig. S10e
and f). Additionally, gene set enrichment analysis
peroxidation level in doxycycline-induced UCKL1 knockdown HCT116 cell
peroxidation level of indicated cells was shown in bar graph. One-way AN
cytometry analysis of DCFH-DA staining cells to resolve ROS level in doxyc
UMP or CMP treatment for 3 days. The fold change of ROS level of ind
compare the results. NS, not significant. (h) The expression of UCKL1-wt
were determined by Western blot. (i) Luminescence of the indicated cel
substrate. One-way ANOVA was used to compare the results. (j) Lipid pe
staining at the indicated conditions. Erastin, 30 μM for 48 h. One-way A
flow cytometry analysis of DCFH-DA staining at the indicated conditions.
results.
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(GSEA) of differentially expressed genes revealed no
enrichment in pyrimidine metabolism pathways, but
instead showed enrichment in pathways related to lipids
(Fig. 5h). This finding reinforces the connection be-
tween UCKL1 and ferroptosis which is highly associated
with lipid metabolism. Furthermore, UCKL1’s involve-
ment in ferroptosis is independent of pyrimidine
metabolism.

Together, our data suggest that UCKL1 promotes
ferroptosis evasion through enhancing SLC7A11 medi-
ated lipid peroxidation scavenging.

UCKL1 promotes SLC7A11 expression through
stabilizing Nrf2
We next explored how UCKL1 regulates SCL7A11. By
analysing RNA sequencing data (Fig. 5a), we noticed
that multiple Nrf2 targets, such as PRDX1 and GPX2,
were decreased in UCKL1 knockdown RKO cells
(Fig. 6a). Nrf2 is a well-known antioxidant transcrip-
tional factor,48 we then speculated that UCKL1 regulates
SLC7A11 via Nrf2. To test the speculation, we validated
the RNA sequencing results. Indeed, mRNA of PRDX1
was downregulated in UCKL1 knockdown HCT116 cells
and RKO cells (Fig. 6b and Supplementary Fig. S11a).
However, UCKL1 knockdown did not affect Nrf2
mRNA expression (Fig. 6c and Supplementary
Fig. S11b). Instead, Nrf2 protein level was obviously
decreased after UCKL1 knockdown (Fig. 6d and
Supplementary Fig. S11c). These observations sug-
gested that UCKL1 might regulate Nrf2 at the protein
level. Thus, we performed protein stability assay by
supplying cycloheximide (CHX), the protein synthesis
inhibitor, to the experimental cells. It turned out that
UCKL1 knockdown increased Nrf2 turnover rate
(Fig. 6e and Supplementary Fig. S11d). On the other
hand, addition of MG132, a classic proteasome inhibi-
tor, recovered UCKL1 knockdown caused Nrf2 down-
regulation (Fig. 6f and Supplementary Fig. S11e),
suggesting that UCKL1 may be involved in the protea-
some mediated Nrf2 degradation. Consistent with this,
ubiquitin of Nrf2 was reduced with UCKL1 expression
(Fig. 6g). According to previous studies, Kelch-like
ECH-associated protein 1 (Keap1), a substrate of E3
ubiquitin ligase, binds to the ETGE and DLG motifs of
Nrf2 and promotes its ubiquitination.49,50 We further
confirmed that Nrf2 ubiquitination regulation by
s and control cells after UMP or CMP treatment for 3 days. The lipid
OVA was used to compare the results. NS, not significant. (g) Flow
ycline-induced UCKL1 knockdown HCT116 cells and control cells after
icated cells was shown in bar graph. One-way ANOVA was used to
and UCKL1-mut (uridine binding domain aa132-aa136 was deleted)
l lysates determined by ADP-Glo™ Kinase Assay, with uridine as the
roxidation level measured by flow cytometry analysis of C11-BODIPY
NOVA was used to compare the results. (k) ROS level determined by
Erastin, 30 μM for 48 h. One-way ANOVA was used to compare the
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Fig. 5: UCKL1 knockdown reduces the expression of SLC7A11. (a) Volcano plot of differentially expressed genes (DEG, identified by fold
change >2 and q-value < 0.05) in doxycycline induced UCKL1 knockdown RKO cells versus control cells. Among the DEGs, SLC7A11 is the most
significantly downregulated gene in UCKL1 knockdown RKO cells. (b) Real-time qPCR result of SLC7A11 mRNA expression level in inducible
UCKL1 shRNA transduced HCT116 cells with or without doxycycline treatment. Unpaired two-tailed Student’s t-test was used to compare the
results. (c) Western blot result of SLC7A11 protein level in doxycycline-inducible UCKL1 shRNA transduced HCT116 cells treated with or without
doxycycline. (d) Western blot results of SLC7A11 protein level in doxycycline induced UCKL1 knockdown HCT116 cells versus control cells after
SLC7A11 overexpression. (e) Overexpression of SLC7A11 reversed UCKL1 knockdown-induced cell death in HCT116 cells. One-way ANOVA was
used to compare the results. (f) Flow cytometry analysis of C11-BODIPY staining revealed that overexpression of SLC7A11 inhibited lipid
peroxidation in UCKL1 knockdown HCT116 cells. Bar graph shows lipid peroxidation level in the indicated cells. One-way ANOVA was used to
compare the results. (g) Flow cytometry analysis of DCFH-DA staining revealed that overexpression of SLC7A11 rescued total ROS in UCKL1
knockdown HCT116 cells. Bar graph shows fold change of ROS level in indicated cells. One-way ANOVA was used to compare the results. (h)
GSEA revealed that UCKL1 knockdown was associated with lipid storage (right) but not the pyrimidine metabolic process (left and middle).
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Fig. 6: UCKL1 stabilizes Nrf2 to inhibit ferroptosis in CRC cells. (a) Heatmap of the expression of Nrf2 target genes determined by RNA
sequencing of control and UCKL1 knockdown RKO cells. (b) Real-time qPCR result of PRDX1 mRNA expression level in inducible UCKL1 shRNA
transduced HCT116 cells with or without doxycycline treatment. Unpaired two-tailed Student’s t-test was used to compare the result. (c) Real-
time qPCR result of Nrf2 mRNA expression level in inducible UCKL1 shRNA transduced HCT116 cells with or without doxycycline treatment.
Unpaired two-tailed Student’s t-test was used to compare the results. NS, not significant. (d) Western blot result of Nrf2 protein level in
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UCKL1 was abolished in Nrf2 DLG deleted mutant and
ETGE deleted mutant (Supplementary Fig. S11f). This
suggests that UCKL1 stabilizes Nrf2 in a Keap1-
dependent manner.

To further examine whether Nrf2 is a key mediator
in UCKL1 regulation of SLC7A11, we overexpressed
Nrf2 in UCKL1 knockdown HCT116 and RKO cells.
Western blot revealed that UCKL1 knockdown caused
SLC7A11 downregulation was reversed by Nrf2 over-
expression (Fig. 6h and Supplementary Fig. S11g).
Moreover, Nrf2 overexpression abrogated cell death
induced by UCKL1 knockdown (Fig. 6i and
Supplementary Fig. S11h). UCKL1 knockdown-induced
lipid peroxidation and ROS were also rescued by Nrf2
expression (Fig. 6j and k and Supplementary Fig. S11i
and j). Furthermore, high levels of Nrf2 and SLC7A11
are associated with poor prognosis in CRC
(Supplementary Fig. S12a and b). Together, our data
indicate the existence of a UCKL1-Nrf2-SLC7A11 fer-
roptosis defence axis in CRC.

UCKL1 knockdown enhanced the efficacy of GPX4
inhibitor in CRC suppression
Due to UCKL1’s involvement in SLC711 regulation and
the crucial role of SLC7A11-GSH-GPX4 system in fer-
roptosis defence, knockdown of UCKL1 may enhance
the antitumour efficacy of GPX4 inhibitors. To sub-
stantiate this, GPX4 inhibitor, RSL3 or ML162, was
supplied at low concentration of 2 μM or 5 μM to
doxycycline induced UCKL1 shRNA transduced
HCT116 cells and RKO cells respectively. Without
doxycycline induced UCKL1 shRNA expression, about
80∼100% CRC cells were viable upon RSL3 or ML162
treatment alone. But adding RSL3 or ML162 after
doxycycline induced UCKL1 shRNA expression reduced
cell viability to less than 20% (Fig. 7a and b and
Supplementary Fig. S13a and b). The combinatory
inhibitory effect suggests that UCKL1 knockdown sen-
sitizes CRC cells to RSL3 or ML162. Furthermore,
UCKL1 knockdown combined with RSL3 or ML162
induced more robust increase of lipid peroxidation and
ROS in cancer cells than mono-treatment (Fig. 7c–f and
Supplementary Fig. S13c–f), strengthening the sensi-
tizer role of UCKL1 knockdown in ferroptosis inducer
treatment in vitro.
inducible UCKL1 shRNA transduced HCT116 cells with or without doxycyc
rate in the control and UCKL1 knockdown HCT116 cells after treated
expression in the control and UCKL1 knockdown HCT116 cells treated wit
after incubation of anti-Flag-coupled beads with lysates from 293T cells t
SLC7A11 expression after overexpression of Nrf2 in the control and UCK
UCKL1 knockdown-induced cell death in HCT116 cells. One-way ANOVA
UCKL1 knockdown-induced lipid peroxidation increment in HCT116 cells.
indicated cells was shown in bar graph. One-way ANOVA was used t
knockdown-induced total ROS increment in HCT116 cells. The fold change
shown in bar graph. One-way ANOVA was used to compare the results.
Next, we tested their efficacy in vivo. Downregulation
of UCKL1 or supplement of RSL3 alone was efficient in
repressing tumour growth, while combined treatment
showed even greater tumour repression efficacy
(Fig. 7g–i and Supplementary Fig. S13g–i). Further an-
alyses of tumour samples revealed that mRNA levels of
SLC7A11 and UCKL1 were downregulated, while fer-
roptosis marker PTGS2 was upregulated in UCKL1
knockdown and RSL3 combined treatment samples
(Fig. 7j–l). Immunohistochemistry assay showed that
combined treatment led to reduction of SLC7A11 and
induction of ferroptosis marker 4-HNE (Fig. 7m).
Together, our data support that downregulation of
UCKL1 enable CRC cells to be more sensitive to GPX4
inhibitors, contributing a potential therapeutical strategy
in the future.
Discussion
The pyrimidine nucleotide metabolic pathway is closely
linked to the development of cancer.51 Drugs that target
pyrimidine de novo synthesis, such as 5-fluorouracil and
capecitabine, are commonly used in CRC therapy.52

However, drug resistance can occur, partially due to
the existence of redundant pyrimidine synthesis ways.
Therefore, it is worthwhile to investigate other targets in
pyrimidine metabolism for cancer treatment.6 By bio-
informatics analysis of pyrimidine metabolism pathway
genes, we identified UCKL1 as the most abnormal gene
in CRC. UCKL1 is highly expressed in CRC and asso-
ciated with poor prognosis in CRC patients.

Our subsequent in vitro and in vivo studies confirmed
that UCKL1 is an oncogene for CRC. But intriguingly,
the inhibition of CRC cells by UCKL1 knockdown does
nothing with its pyrimidine synthesis role, as the levels
of UMP and CMP in CRC cells remained unchanged
after UCKL1 knockdown. As cancer cells need a stable
pool of nucleotides to survive, the reduction in pyrimi-
dine caused by UCKL1 knockdown could be compen-
sated via feedback regulation of other pyrimidine
synthesis enzymes. This often occurs in nature. For
example, carbamyl phosphate synthetase II (CPSII), a
key enzymes in the de novo pathway, is regulated by
negative feedback from UTP.53 Chemotherapy agents
can reprogram the pyrimidine de novo pathway to
line treatment. (e) Western blot analysis of the Nrf2 protein turnover
with cycloheximide (100 μg/ml). (f) Western blot analysis of Nrf2
h MG132 (20 μM) for 6 h. (g) Western blot analysis for HA-ubiquitin
ransfected with the indicated constructs. (h) Western blot analysis of
L1 knockdown HCT116 cells. (i) Overexpression of Nrf2 suppressed
was used to compare the results. (j) Overexpression of Nrf2 reversed
The lipid peroxidation level measured by C11-BODIPY staining in the
o compare the results. (k) Overexpression of Nrf2 reversed UCKL1
of ROS level measured by DCFH-DA staining in the indicated cells was
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Fig. 7: Impeding UCKL1-SLC7A11 axis synergizes with GPX4 inhibitor in ferroptosis induction and tumour growth suppression. (a) Cell
viabilities of HCT116 cells treated with UCKL1 knockdown or/and RSL3. For the combined treatment, cancer cells were pretreated with
doxycycline for 2 days, and then treated with 2 μM RSL3 for 24 h. One-way ANOVA was used to compare the results. (b) Cell viabilities of
HCT116 cells treated with UCKL1 knockdown or/and ML162. For the combined treatment, cancer cells were pretreated with doxycycline for 2
days, and then treated with 5 μM ML162 for 24 h. One-way ANOVA was used to compare the results. (c) Lipid peroxidation level of UCKL1
shRNA transduced HCT116 cells treated with doxycycline or/and RSL3. Cancer cells were pretreated with doxycycline for 3 days, and then
treated with 5 μM RSL3 for 4 h. One-way ANOVA was used to compare the results. (d) Lipid peroxidation level of UCKL1 shRNA transduced
HCT116 cells treated with doxycycline or/and ML162. Cancer cells were pretreated with doxycycline for 3 days, and then treated with 10 μM
ML162 for 4 h. One-way ANOVA was used to compare the results. (e) Relative ROS level of UCKL1 shRNA transduced HCT116 cells treated with
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Fig. 8: Schematic model depicting that UCKL1 regulates ferroptosis by modulating Nrf2-SLC7A11 axis. UCKL1 stabilizes Nrf2, which in turn
promotes the expression of SLC7A11. UCKL1 knockdown reduces the expression of SLC7A11 and results with ferroptosis. Targeting UCKL1
synergizes with GPX4 inhibitors thereby inhibit CRC growth via induction of ferroptosis.
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increase nucleotide synthesis.54 Moreover, UCK1 and
UCK2 remain effective in UCKL1 knockdown cells.
They have similar or even higher catalytic efficiency
than UCKL1.12 Hence, it is not surprising that knock-
down of UCKL1 alone did not alter the levels of UMP
and CMP in CRC cells.

During our investigation into why UCKL1 knock-
down reduces CRC cell viability, we discovered the fer-
roptosis defence role of UCKL1 in CRC. This
distinguishes UCKL1 from other UCK family proteins.
Our research indicates that UCKL1 promotes SLC7A11
expression through Nrf2. Subsequently, through the
SLC7A11-GSH-GPX4 pathway, it protects CRC cells
from ferroptosis. Nrf2 is an important transcription
factor that activates several genes related to antioxidants,
including SLC7A11.55 Previous research suggested that
Nrf2 is primarily regulated at the protein level by
Keap1.49 When Nrf2 interacts with Keap1, it is ubiq-
uitinated and degraded by the proteasome.50 However,
the interaction between Nrf2 and Keap1 can be
doxycycline or/and RSL3. Cancer cells were pretreated with doxycycline fo
was used to compare the results. (f) Relative ROS level of UCKL1 shRNA tra
cells were pretreated with doxycycline for 3 days, and then treated with
results. (g) Volume of HCT116 xenografts treated with UCKL1 knockdow
water containing doxycycline (2 mg/ml) was used to induce UCKL1 knockd
was measured every 3 days and calculated according to the equation
comparison of differences between growth curves. (h) Tumour weights of
point. One-way ANOVA was used to compare the result. (i) Representativ
at the end point. (j) Representative real-time qPCR result of UCKL1 mRNA
ANOVA was used to compare the result. (k) Representative real-time qP
indicated group. One-way ANOVA was used to compare the result. (l) Rep
tumour tissues of indicated group. One-way ANOVA was used to compa
staining and IHC staining of UCKL1, SLC7A11, and 4-HNE in the tumour
interfered by other proteins. For instance, p21 competes
with Keap1 for Nrf2 binding, leading to impaired
ubiquitination.56 Additionally, iASPP can substitute
Nrf2 in binding with Keap1 and stabilize Nrf2.57 In our
study, we found that the regulation of Nrf2 by UCKL1 is
also Keap1 dependent. If the Keap1 binding motif in
Nrf2 is mutated, the effect of UCKL1 on Nrf2’s protein
stability is eliminated.

Last but not least, our study demonstrated that the
downregulation of UCKL1 greatly enhanced the sensi-
tivity and efficacy of GPX4 inhibitors, which may facil-
itate their usage in CRC treatment. Due to the
increasingly recognized role of ferroptosis defence in
cancer therapy resistance,38,39,41,58,59 UCKL1-based
research may shed light to developing new therapeutic
strategy for cancers. Additionally, since UCKL1 is
expressed at high levels in cancer cells, it could also be a
promising target for drug development.

Overall, our study identifies a new CRC progression
related gene, UCKL1, which plays a critical role in
r 3 days, and then treated with 5 μM RSL3 for 4 h. One-way ANOVA
nsduced HCT116 cells treated with doxycycline or/and ML162. Cancer
10 μM ML162 for 4 h. One-way ANOVA was used to compare the
n or/and RSL3 (50 mg/kg) at different time points (n = 5). Drinking
own. RSL3 was injected intratumourally twice per week. Tumour size
volume = length × width2 × 1/2. Two-way ANOVA was used for
HCT116 xenografts treated with doxycycline or/and RSL3 at the end
e images of HCT116 xenografts treated with doxycycline or/and RSL3
level in one of the tumour tissues of indicated mouse group. One-way
CR result of SLC7A11 mRNA level in one of the tumour tissues of
resentative real-time qPCR result of PTGS2 mRNA level in one of the
re the result. (m) Representative images of haematoxylin and eosin
tissues of indicated group. Scale bar: 25 μm.
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ferroptosis repression through the UCKL1-Nrf2-
SLC7A11 axis (Fig. 8). It may serve as a critical target
for CRC therapy in the future.
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