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Abstract
Background: Cytidine nucleotide triphosphate synthase 1 (CTPS1) is a CTP synthase which play critical roles
in DNA synthesis. However, its biological regulation and mechanism in triple-negative breast cancer (TNBC)
has never been reported yet.

Methods: The expression of CTPS1 in TNBC tissues was determined by GEO, TCGA databases and
immunohistochemistry (IHC). The effect of CTPS1 on TNBC cell proliferation, migration, invasion, apoptosis
and tumorigenesis were explored in vivo and in vitro. In addition, the transcription factor Y-box binding protein
1 (YBX1) was identifed by bioinformatics methods, dual luciferase reporter and chromatin
immunoprecipitation (CHIP) assays. Pearson correlation analysis was utilized to assess the association
between YBX1 and CTPS1 expression.

Results: CTPS1 expression was signi�cantly upregulated in TNBC tissues and cell lines. Higher CTPS1
expression was correlated with a poorer disease-free survival (DFS) and overall survival (OS) in TNBC
patients. Silencing of CTPS1 dramatically inhibited the proliferation, migration, invasion ability and induced
apoptosis of MDA-MB-231 and HCC1937 cells. Xenograft tumor model also indicated that CTPS1 knockdown
remarkably reduced tumor growth in mice. Mechanically, YBX1 could bind to the promoter of CTPS1 to
promote its transcription. Furthermore, the expression of YBX1 was positively correlated with CTPS1 in TNBC
tissues. Rescue experiments con�rmed that the enhanced cell proliferation and invasion ability induced by
YBX1 overexpression could be reversed by CTPS1 knockdown. 

Conclusion: Our data demonstrate that YBX1/CTPS1 axis plays an important role in the progression of TNBC.
CTPS1 might be a promising prognosis biomarker and potential therapeutic target for patients with triple-
negative breast cancer.

Introduction
Breast cancer (BC) is now the most frequently diagnosed malignancy and the �rst leading cause of death
from cancer in women worldwide [1]. Triple-negative breast cancer (TNBC) represents the most aggressive
subtype of breast cancer characterized by the absence of estrogen receptor (ER), progesterone receptor (PR)
and human epidermal growth factor 2 (HER2). Although TNBC only accounts for about 15–20% of all breast
cancer patients, it has the worst outcome due to high invasiveness and unsatisfactory therapeutic e�cacy [2,
3]. Up to now, the use of surgical resection and adjuvant/neoadjuvant chemotherapy is the main treatment
strategy for triple-negative breast cancer [2, 4]. However, some patients might still fail to respond and lead to
poor prognosis after conventional therapy [5]. Therefore, a deep-going investigation of the molecular
mechanisms underlying TNBC oncogenesis and progression is urgently needed.

Cytidine nucleotide triphosphate synthase 1 (CTPS1) is a CTP synthase which catalyzes CTP biosynthesis
from ATP, UTP and glutamine [6, 7]. This enzyme is a 591-amino-acid protein with an N-terminal synthetase
domain and a C-terminal glutaminase domain. CTP synthase activity is an important step for DNA synthesis
and cell cycle arrest [7, 8]. Increased CTPS activity was also reported in a variety of human cancers [9, 10].
CTPS1 has been demonstrated to be intensively involved in immune system by its capacity to sustain the
proliferation of activated lymphocytes during immune response [11]. However, few studies have evaluated the
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role of CTPS1 in tumor development and progression. Our previous proteomic study has indicated that CTPS1
was highly expressed in tumor tissues with triple-negative breast cancer patients [12]. Nevertheless, its
oncogenic function and precise mechanisms in TNBC remain still largely unknown.

To address this issue, we �rstly evaluated the expression of CTPS1 and determined its prognostic value by
public databases and immunohistochemical (IHC) analysis. A series of in vitro and in vivo experiments were
then performed to con�rm the oncogenic role of CTPS1 in TNBC. In addition, we have revealed that CTPS1
could act as a novel transcriptional target of YBX1 and enrichment analysis of genes co-expressed with
CTPS1 was also conducted to identify potential signaling pathways. Our �ndings provide novel insight of
CTPS1 in the progression of TNBC and suggest a new theoretical basis for the prevention and treatment of
patients with triple-negative breast cancer.

Materials And Methods

Microarray data processing and Clinical samples
The microarray datasets of TNBC patients were extracted from the Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/) and and the Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/). Three microarray gene expression datasets (GSE21653 [13], GSE31448 [14]
and GSE45827 [15]) were obtained from the GEO database. A total of 210 TNBC patients with complete
clinicopathological and follow-up information were retrospectively reviewed from Fujian Medical University
Union Hospital between June 2013 and February 2018. All patients received total mastectomy or breast
conserving surgery without neoadjuvant chemotherapy or radiotherapy and should receive at least six cycles
of adjuvant chemotherapy after surgery. Disease-free survival (DFS) was de�ned as the time from the date of
diagnosis to the date of clinical relapse (with histopathology con�rmation or radiological evidence of tumor
recurrence). Overall survival (OS) was de�ned as the time from the date of diagnosis until death from any
cause. The follow-up deadline was March 1, 2021. This procedure was approved by the Research Ethics
Committee of Fujian Medical University Union Hospital and informed consent was obtained from each
participant.

Immunohistochemistry (IHC) staining and evaluation
IHC staining analysis was performed on para�n-embedded tissues to measure the protein expression of
CTPS1 and YBX1 in all TNBC tissues and adjacent normal breast tissues according to the standard
immunoperoxidase staining procedure. Brie�y, slides were incubated with anti-CTPS1 (1:500; ab244492,
Abcam) and anti-YBX1 (1:300, 20339-1-AP, Proteintech) according to the manufacturer’s instructions. The IHC
staining scores of CTPS1 and YBX1 were evaluated by two independent pathologists blinded to the
corresponding patients. The percentage of stained positive cells was scored from 1 to 4: 1, 0–25%; 2, 26–50%;
3, 51–75%; and 4, 75–100%. The staining intensity score was calculated from 0 to 3: 0, no staining; 1, weak
staining; 2, moderate staining; and 3, strong staining. The percentage of positive tumor cells and the staining
intensity were multiplied to produce a weighted score for each patient. A score of 8–12 was de�ned as high
expression level and a score of 0–7 was de�ned as low expression.

Cell culture and transfection
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Human breast cancer cell lines (MDA-MB-231, HCC1937, BT-549, Hs578T, SKBR-3 and MCF-7) were purchased
from the Cell Bank of Type Culture Collection of The Chinese Academy of Sciences. All cell lines were cultured
in DMEM (HyClone) supplemented with 10% FBS (Gibco) and 1% penicillin and streptomycin solution at 37°C
under 5% CO2 conditions in a humidi�ed incubator. Short hairpin RNA (shRNA) targeting CTPS1 were
subcloned into GV115 and GV493 lentiviral shRNA vector (Genechem, Shanghai, China), respectively. For
overexpressing YBX1, the construct was generated by subcloning PCR ampli�ed full-length human YBX1
cDNA into the GV657 vector (Genechem, Shanghai, China). The constructed lentiviral vectors were packaged
into the viruses in 293 T cells. Then, the harvested and concentrated viruses were added into cells and
cultured for 72 h. The target sequences of the shRNA and negative control were as follows:

shCTPS1-1: 5’-ATCTTGTAGCGGATGATTC-3’

shCTPS1-2: 5’-GAGGATTTGGTGTTCGAGGA-3’

shCtrl: 5’-TTCTCCGAACGTGTCACGT-3’

RNA isolation and qRT-PCR analysis
Total RNA was extracted with TRIzol reagent (Invitrogen). Complementary DNA was synthesized by
PrimeScript RT Master Mix (Takara) and qRT-PCR was subsequently performed on a model 7500 Real-Time
PCR System (Applied Biosystems) with SYBR Green kit (Takara) following the manufacturer’s instructions.
GAPDH gene was detected for normalization of data. Fold changes of gene expression were calculated by the
2 − ΔΔct method, three independent replicates of all biological samples were assessed. The primers used in
qRT-PCR were listed in Table S1.

Western blotting
Total protein was extracted by RIPA lysis buffer (Beyotime) and the protein concentrations were determined
with BCA Protein Assay Kits (Beyotime). A total of 20 µg of protein was loaded for electrophoretic separation
on SDS/polyacrylamide gels and transferred onto polyvinylidene di�uoride (PVDF) membrane. Membranes
were blotted with the following antibodies: anti-CTPS1 (#98287, Cell Signaling Technology), anti-YBX1
(#9744, Cell Signaling Technology) and anti-GAPDH (ab181602, Abcam). Binding of the primary antibody was
detected by incubating the membranes with a horseradish peroxidase-conjugated secondary antibody,
followed by visualization with the ECL reagent (Thermo Fisher Scienti�c, Inc.).

Cell proliferation assay
Cell growth and viability was detected by cell count kit-8 (CCK8) assay and colony formation assay. For CCK8
assay, cells were seeded into 96-well plates at the concentration of 2000 cells/well. Then, a 10 ul of Cell
Counting Kit-8 (Dojindo, Japan) was added after 24, 48, 72, and 96 hour of incubation, respectively. After 2h,
the absorbance was measured at 450 nm through a microplate reader. For colony formation assay, 1000 cells
were seeded into a 6-well plate and continuously incubated for 14 days. The colonies were �xed with 4%
paraformaldehyde for 30 min and stained with 0.1% of crystal violet solution (Sangon Bio, Inc.) for 15 min.
Finally, the crystal violet stained colonies were counted to determine colony formation.

Migration and invasion assays
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Transwell assays were performed to detect cell migration and invasion. Cells were harvested, washed with
PBS and suspended in DMEM without FBS at 1×105 cells/ml. The upper chamber of the Transwell (Corning,
Inc.) was �lled with 100 µl of cell suspension, and the lower chamber was �lled with 600 µl of DMEM with
30% FBS. Following incubation for 24 h at 37°C, cells were �xed with 4% paraformaldehyde for 30 minute and
stained with 0.5% crystal violet for 5 minute at room temperature. The chamber was then washed with PBS
solution, and the cells on the surface of the chamber were wiped of with cotton swabs. The images of stained
cells on the lower side were captured by a light microscope from 5 different randomly selected views under
200 × magni�cation. For invasion assays, transwell chambers precoated with Matrigel (BD Biosciences) for
2h at 37°C were utilized following a similar protocol as the cell migration assays.

Apoptosis assay
An Annexin V-APC Apoptosis Detection Kit (eBioscience) was used for evaluation of cell apoptosis. Cells were
seeded onto 6-well plates and grown to 70% con�uence. After 72 h, the cells were harvested and washed
following by 5 min of centrifugation at 1300 rpm. Cell pellets were subsequently resuspended and co-
incubated with 10 ul of Annexin V-APC for 15 minutes in the dark at room temperature. Finally, the apoptosis
rate was determined by a �ow cytometer (Guava EasyCyte HT) .

Tumor Xenograft Model
Female BALB/c nude mice (4 weeks), weighing approximately 20 g, were purchased from Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, China). The mice were kept in sterile cages with a controlled
speci�c environment (22–25°C, 40–60% relative humidity and a 12:12 h day/night light cycle). MDA-MB-231
cells (1×107) stably transfected with shCTPS1 and negative control (shCtrl) were subcutaneously injected into
the lower �ank of the mice (n = 10 for each group). The size of tumor was measured twice a week for 4 weeks,
and the tumor volume was calculated according to the formula: (length × width2)/2. After 4 weeks, all mice
were sacri�ced and the xenografts were dissected and weighed. The study protocol was approved by the
Research Ethics Committee of Fujian Medical University Union Hospital. All procedures were performed in
accordance with the Guide for the Care and Use of Laboratory Animals.

Dual-luciferase reporter assay
MDA-MB-231 cells were seeded in 24-well plates at an 60% concentration and transfected with relevant
plasmid and the luciferase vector. After 48 h, the activities of �re�y and Renilla luciferases were measured by
a Dual Luciferase Reporter Assay System (Promega) according to the manufacturer’s protocol. The
luminescence intensities of �re�y and Renilla luciferases were recorded by a microplate reader. For data
analysis, the luciferase activity was measured relative to Renilla to standardize the background signal.

Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was conducted in MDA-MB-231 cells with the EZ ChIP™ Chromatin Immunoprecipitation Kit
(Millipore, USA) according to the manufacturer’s instructions. The antibodies used in ChIP assay were anti-
YBX1 (#9744, Cell Signaling Technology) and normal rabbit IgG (#2729, Cell Signaling Technology). The
enriched DNA was analyzed by real-time PCR.

Gene set enrichment analysis (GSEA)
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The “sva” R package was applied to remove batch effects of the three GEO datasets (GSE21653, GSE31448
and GSE45827). Following standardization, the three independent datasets were combined. TNBC patients
obtained from three GEO datasets and TCGA database were divided into high and low CTPS1 group according
to the median CTPS1 expression level, respectively. GSEA was performed with the “clusterpro�er” R package.
Gene sets with NOM p < 0.05 and False Discovery Rate (FDR) q < 0.05 were considered to be signi�cant.

Weighted correlation network analysis (WGCNA)
The “WGCNA” R package was used to indicate the highly correlated genes and co-expression networks of
CTPS1 in TNBC patients. Firstly, network topology was calculated to choose the most appropriate soft
threshold. An adjacency matrix was then built with the co-expression similarity matrix and a topological
overlap matrix (TOM) was constructed. Finally, network modules were identi�ed by dynamic hierarchical tree
clustering. The DAVID (http://david.abcc.ncifcrf.gov/) database was applied with gene KEGG pathway and GO
functional enrichment analysis.

Statistical Analysis
Statistical analyses were performed by SPSS 20.0 software (IBM, United States) and GraphPad Prism 7.0
(GraphPad Software). Each experiment was repeated 3 times and presented as the means ± SD (standard
deviation). A student’s t-test was performed to compare variables between two groups. The Chi-Square test
was used to examine the clinicopathological characteristics between CTPS1 high and CTPS1 low expressing
patients. Correlation between the expression levels of YBX1 and CTPS1 was analyzed by Spearman rank
correlation coe�cients. Survival curves were plotted by Kaplan-Meier method and analyzed by log-rank test.
Cox proportional hazard regression model was applied for univariate and multivariate survival analysis. A two-
sided P value of less than 0.05 was considered statistically signi�cant.

Results

CTPS1 is highly expressed in TNBC tissue and predicts poor
prognosis
In this study, we �rstly explored the CTPS1 expression levels in TNBC tumor tissues and adjacent normal
tissues in online databases. We performed data mining and analyzed CTPS1 mRNA pro�les from the publicly
available GEO datasets (GSE21653, GSE31448, GSE45827) and TCGA database, which indicated that CTPS1
was highly expressed in TNBC tumor tissues than in normal tissues (all p < 0.001, Fig. 1A-D). Next,
immunohistochemical (IHC) staining assay was performed by 210 pairs of TNBC patient specimens and their
corresponding adjacent normal tissues. We scored the CTPS1 expression level based on the CTPS1 staining
intensity and percentage of positive tumor cells. The IHC score of CTPS1 expression was found to be
signi�cantly elevated in the TNBC tumor tissues than the noncancerous counterparts (Fig. 1E, F). Higher
CTPS1 expression was also correlated with larger tumor size (p = 0.023), higher histological grade (p = 0.019)
and lymphovascular invasion (p = 0.012) (Table 1). Furthermore, patients with high expression of CTPS1
exhibited a signi�cantly poor disease-free survival (DFS) and overall survival (OS) compared to those with low
expression in the Kaplan-Meier analysis (Fig. 1G, H). As for univariate and multivariate cox analyses, CTPS1
expression was determined to be an independent prognostic factor for both DFS and OS (HR = 1.90, 95%CI = 
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1.07–3.37, p = 0.029 and HR = 2.34, 95%CI = 1.13–4.84, p = 0.023, respectively, Table 2). Collectively, these
results demonstrate that elevated CTPS1 expression is a risk factor for triple-negative breast cancer patients
and could be considered as a potential prognostic biomarker.

Table 1
Associations of CTPS1 expression with clinicopathological characteristics for triple-negative

breast cancer patients
Characteristics All patients   Low CTPS1 High CTPS1 p valuea

n = 210   n = 94 n = 116

No. (%) No. No.

Age at diagnosis(years)         0.114

≤50 99 47.1 50 49  

>50 111 52.9 44 67  

Tumor size         0.023

≤2cm 87 41.4 47 40  

>2cm 123 58.6 47 76  

Lymph node metastasis         0.154

No 125 59.5 61 64  

Yes 85 40.5 33 52  

Tumor Grade         0.019

I + II 80 38.1 44 36  

III 130 61.9 50 80  

Lymphovascular invasion         0.012

No 130 61.9 67 63  

Yes 80 38.1 27 53  

a The p value was calculated among all groups by the Chi-square test.
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Table 2
Univariate and multivariate cox proportional hazard model for disease free survival (DFS) and overall survival

(OS) in TNBC patients
Variables Univariate analysis Multivariate analysis

DFS OS DFS OS

HR (95%
CI)

P a HR (95%
CI)

P a HR (95%
CI)

P a HR (95%
CI)

P a

Age (years)  

≤ 50 Reference   Reference          

> 50 0.65
(0.38–
1.11)

0.114 0.95
(0.50–
1.81)

0.870        

Tumor size  

≤ 2cm Reference   Reference   Reference      

> 2cm 1.96
(1.10–
3.50)

0.023 1.82
(0.90–
3.67)

0.098 1.71
(0.95–
3.07)

0.073    

Lymph nodes metastasis  

No Reference   Reference   Reference   Reference  

Yes 1.82
(1.08–
3.07)

0.026 2.00
(1.05–
3.84)

0.036 1.65
(0.97–
2.79)

0.065 1.85
(0.96–
3.55)

0.066

Grade  

I + II Reference   Reference          

III 1.50
(0.85–
2.65)

0.164 1.75
(0.85–
3.62)

0.130        

Lymphovascular
invasion

         

No Reference   Reference          

Yes 1.66
(0.98–
2.81)

0.057 1.47
(0.77–
2.81)

0.240        

CTPS1 expression  

Low Reference   Reference   Reference   Reference  

Abbreviation: HR, hazard ratio; CI, con�dence interval; DFS, disease free survival; OS, overall survival.

a The P value was adjusted by the univariate Cox proportional hazard regression model.
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Variables Univariate analysis Multivariate analysis

DFS OS DFS OS

HR (95%
CI)

P a HR (95%
CI)

P a HR (95%
CI)

P a HR (95%
CI)

P a

High 1.97
(1.10–
3.55)

0.010 2.49
(1.20–
5.15)

0.014 1.90
(1.07–
3.37)

0.029 2.34
(1.13–
4.84)

0.023

Abbreviation: HR, hazard ratio; CI, con�dence interval; DFS, disease free survival; OS, overall survival.

a The P value was adjusted by the univariate Cox proportional hazard regression model.

CTPS1 knockdown suppresses proliferation, migration,
invasion and induces apoptosis of TNBC cells in vitro
To investigate the function role of CTPS1 in TNBC cells, we �rstly measured CTPS1 levels in several breast
cancer cell lines (Fig. 2A). CTPS1 was proved to be highly expressed in TNBC cell lines and we selected MDA-
MB-231 and HCC1937 cell lines for further studies. Two shRNAs (shCTPS1-1 and shCTPS1-2) were designed
and synthesized to knock down CTPS1 in both cell lines (Fig. 2B). The shRNA (shCTPS1-1) that exhibited
higher interference e�ciency was con�rmed by western blotting and selected for the subsequent experiments
(Fig. 2C). The expression of CTPS1 in MDA-MB-231 and HCC1937 cells was signi�cantly suppressed
compared with the shCtrl group. CCK-8 and colony formation assays indicated that CTPS1 silencing
signi�cantly impeded the viability and cloning ability of both MDA-MB-231 and HCC1937 cells (Fig. 2D, E).
The capabilities of cell migration and invasion were also signi�cantly decreased after CTPS1 knockdown by
transwell assay (Fig. 2F). Moreover, we also observed dramatically increased apoptotic cells in shCTPS1
group compared with that in shCtrl group (Fig. 2G). In summary, these �ndings con�rm that loss of CTPS1
could suppress proliferation, migration, invasion and induces apoptosis in TNBC cells.

CTPS1 promotes TNBC development in vivo
To validate the function of CTPS1 on triple-negative breast cancer, TNBC xenograft tumor model in nude mice
was established to evaluate the effect of CTPS1 knockdown in vivo. The nude mice were subcutaneously
injected with MDA-MB-231 cells with stable CTPS1 knockdown (shCTPS1) or with negative control (shCtrl),
respectively. As shown in Fig. 3A-D, CTPS1 knockdown resulted in markedly lower tumor volume and weight
compared to the control, which provide evidence that CTPS1 could act as a tumor activator for the growth of
TNBC in vivo.

YBX1 activates CTPS1 transcription in TNBC cells
To further explore the molecular mechanism of CTPS1 in triple-negative breast cancer, we used JASPAR
database (http://jaspar.genereg.net/) and PROMO software (http://alggen.lsi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) to predict potential transcription factors of CTPS1 [16–
18]. Five candidates including YBX1, DDX5, FUBP1, CBX3 and KDM1A were obtained for further analysis. By
utilizing a luciferase reporter construct, only the relative luciferase activity of CTPS1 (within 2000bp promoter
region) was signi�cantly increased after transfection with YBX1 overexpression plasmid (Fig. 4A). In addition,
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overexpression of YBX1 also signi�cantly increased the mRNA expression of CTPS1 in MDA-MB-231 and
HCC1937 cells (Fig. 4B). Therefore, YBX1 was identi�ed as the most possible transcription factor that
interacts with CTPS1. Subsequently, the speci�c YBX1 binding sites on the CTPS1 promoter was also
predicted (Fig. 4C) and listed in Table S2. According to the predicted binding sites, we designed three CTPS1
promoter fragments and named from P1 to P3 (-1740 to + 41 bp, -900 to + 41 bp, -550 to + 41 bp, Fig. 4D). The
relative luciferase activity of each fragment had no signi�cant changes after co-transfection (Fig. 4E). Thus,
two predicted binding sites (-1967, CGTGCCACC and − 1872, CCTCCCACC) were selected and the enhanced
luciferase activity was reversed by transfection of “CGTGCCACC” mutated CTPS1 sequence (Fig. 4F, G).
Moreover, ChIP assay was performed and indicated that YBX1 was signi�cantly enriched in the CTPS1
promoter in TNBC cells (Fig. 4H). Taken together, YBX1 could directly activate CTPS1 transcription by binding
to its promoter region in triple-negative breast cancer.

YBX1/CTPS1 axis is involved in the progression of TNBC
YBX1 (Y-box binding protein-1) is an important transcription factor for tumor progression. Previous study has
indicated that silencing of YBX1 could signi�cantly reduce the invasive potential of TNBC [19]. To
demonstrate the effects of YBX1/CTPS1 axis on triple-negative breast cancer, YBX1 vector and CTPS1 shRNA
was co-transfected into MDA-MB-231 cells. CCK8 and transwell assays con�rmed that overexpression of
YBX1 could promote cell proliferation and invasion of TNBC cells (Fig. 5A, B). Rescue experiments identi�ed
that the enhanced cell proliferation and invasion ability induced by YBX1 overexpression could be reversed by
CTPS1 knockdown (Fig. 5A, B). Next, we assessed the relationship between CTPS1 and YBX1 through
Spearman’s correlation analysis by GEO datasets (GSE21653, GSE31448, GSE45827), TCGA database and
210 pairs of TNBC tissues. As shown in Fig. 5C-F, the mRNA level of YBX1 was positively correlated with
CTPS1 in all four databases (p < 0.001). Similarly, IHC staining analysis revealed that YBX1 was highly
expressed in TNBC tissues compared with adjacent non-cancer tissues (Fig. 5G, Supplementary Fig. 1A), and
the protein level of YBX1 was also positively expressed with CTPS1 (r = 0.274, p < 0.001). Survival curve
analysis indicated that TNBC patients with high YBX1 expression had a relatively worse prognosis compared
with those with low YBX1 expression (Fig. 5I, J). Moreover, TNBC patients with high expression levels of both
CTPS1 and YBX1 had a signi�cantly poorer prognosis (Fig. 5K, Supplementary Fig. 1B). The above data
suggest that YBX1 could affect TNBC prognosis along with CTPS1 and YBX1/CTPS1 axis is involved in the
progression of triple-negative breast cancer.

Gene set enrichment analysis of interrelated pathways
To further explore the potential biological functions of CTPS1 in TNBC, batch effects were removed from three
GEO datasets (Fig. 6A). After standardization, the three independent databases were combined. According to
the median expression level of CTPS1, we divided TNBC patients into the high CTPS1 and low CTPS1 group in
three GEO datasets and TCGA database, respectively. KEGG terms of GSEA indicated that higher CTPS1
expression was closely correlated with cell cycle, DNA replication, mismatch repair and necleotide excision
repair (Fig. 6B).

Construction of weighted correlation network analysis and
identi�cation of key module
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WGCNA is a typical systems biology algorithm for identifying highly correlated genes and constructing gene
co-expression networks. We �rstly calculated the network topology for soft-thresholding powers from 1 to 30
to choose the best threshold with 3 GEO datasets and TCGA database. Power values are the most critical
parameter which mainly affects the average connectivity and independence of each common expression
module. The power value 3 was the lowest power for the scale-free topology in 3 GEO datasets (Fig. 7A, B)
and TCGA database (Fig. 7D, E). Afterwards, by selecting 3 as the soft threshold, the co-expression similarity
matrix was converted into an adjacency matrix, and a topological overlap matrix (TOM) was calculated (Fig.
7C, F). Finally, 100 meaningful modules for 3 GEO datasets and 76 meaningful modules for TCGA database
were yielded by dynamic hierarchical tree clustering method (Supplementary Table 3, 4). The genes co-
expressed with CTPS1 belonged to the green module containing 631 genes in 3 GEO datasets and brown
module containing 1692 genes in TCGA database. The intersection of green and brown module contained 250
genes (Fig. 7G). DAVID database was used to analyze KEGG pathway and GO terms to further understand the
function of these 250 genes. KEGG analysis showed that the gene modules were enriched in cell cycle, DNA
replication, base excision repair and mismatch repair (Fig. 7H). GO analysis results indicated that the terms of
biological processes (BP) were DNA replication, mitotic nuclear division, chromosome segregation and nuclear
division (Fig. 7I).

Discussion
Triple-negative breast cancer (TNBC) is one speci�c subtype of breast cancer with high invasiveness and poor
outcome. Although some progress has been made in TNBC, there are still no effective therapeutic targets to
date. The most common treatment strategy for TNBC now is a combination of surgery, chemotherapy and
radiotherapy [20–22]. Hence, identi�cation of new regulatory molecules and promising therapeutic targets is
of great importance in the treatment of patients with triple-negative breast cancer.

Cytidine nucleotide triphosphate synthase 1 (CTPS1) is a CTP synthase which catalyzes CTP biosynthesis
from ATP, UTP and glutamine [6, 7]. Previous study has demonstrated that CTPS1 could represent a
therapeutic target of immunosuppressive drugs against lymphocyte activation [11]. However, few studies have
evaluated its role in tumor development and progression. In our study, CTPS1 expression was found to be
upregulated in sample datasets procured from online GEO databases, TCGA database as well as in TNBC
tissues by immunohistochemical (IHC) staining method. Higher CTPS1 expression was closely related with
worse clinicopathologic features such as larger tumor size, higher histological grade and lymphovascular
invasion. Moreover, lower expression of CTPS1 was associated with a better prognosis of patients with triple-
negative breast cancer. These results collectively indicate that CTPS1 could act as a promising biomarker for
the diagnosis and prognosis of TNBC patients. To further investigate the function role of CTPS1 in TNBC, we
also performed a series of in vitro experiments and found that CTPS1 inhibition could dramatically inhibit the
cell proliferation, migration, invasion and promoted cell apoptosis ability of TNBC cells. In addition, in vivo
studies with mouse models revealed that CTPS1 knockdown remarkably reduced the tumor volume and
weight. These data con�rm the basic foundation role for CTPS1 as a new target in tumorigenesis and
metastasis of TNBC.

To verify the potential transcriptional regulation that affected the overexpression of CTPS1 in TNBC, we used
PROMO software and JASPAR database to predict the transcriptional factors that could regulate the
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expression of CTPS1. Five potential transcription factors including YBX1, DDX5, FUBP1, CBX3 and KDM1A
were served as candidates. By utilizing the dual-luciferase reporter system, only YBX1 showed a higher relative
luciferase activity of the CTPS1 promoter. ChIP-qPCR assay clearly revealed that YBX1 could directly regulate
CTPS1 transcription by binding to its promoter. Moreover, YBX1-enhanced promoter activities were markedly
abolished when the binding site was mutated, further demonstrating that YBX1-induced CTPS1 promoter
activity was YBX1-dependent. Y-box binding protein 1 (YBX1), also known as YB-1, is a multifunctional protein
that regulates transcription by binding to the Y-box (an inverted CCAAT box) at the promoter or enhancer of
target genes [23]. As a RNA-binding protein, YBX1 plays essential roles in multiple aspects of RNA dynamic,
including pre-mRNA splicing, mRNA packaging and translational regulation [23–26]. Numerous studies have
suggested YBX1 could act as an oncoprotein in a variety of human cancers, including pancreatic cancer [27],
colorectal cancer [28, 29], lung cancer [30, 31] and nasopharyngeal cancer [32, 33]. For breast cancer, YBX1
has been regarded as potential biomarker with poor outcome and silencing YBX1 could inhibit invasive
potential through binding its downstream target, such as CORO1C and MMP1 [19, 34–36]. In our study, we
also identi�ed that overexpression of YBX1 could promote cell proliferation and invasion of TNBC cells, while
rescue experiments indicated that the enhanced cell proliferation and invasion ability induced by YBX1
overexpression could be reversed by CTPS1 knockdown. Next, we further evaluated the associations between
YBX1 and CTPS1 in TNBC by public databases and surgical specimens with IHC staining method. The mRNA
and protein level of YBX1 was found to be highly correlated with CTPS1. Besides, patients with higher
expression levels of both CTPS1 and YBX1 had a worse disease-free survival and overall survival compared
with other patients. Altogether, these results �rstly con�rm the abiity of YBX1 to bind to the CTPS1 promoter
and promote CTPS1 expression by increasing its transcriptional activity. The association between YBX1 and
CTPS1 offers a novel approach by which TNBC could be targeted.

To further elucidate the functional role of CTPS1 in triple-negative breast cancer, we also conducted GSEA and
WGCNA analysis with TNBC samples from GEO and TCGA databases to screen the gene and pathway sets
related with CTPS1 expression. GSEA demonstrated that higher CTPS1 expression was closely correlated with
cell cycle, DNA replication, mismatch repair and necleotide excision repair. The most signi�cant module
related with CTPS1 expression was identi�ed by WGCNA, consisting of 631 genes in 3GEO databases and
1692 genes in TCGA database. After intersection, 250 genes were selected as hub module genes. Following
the results of KEGG and GO analysis, the gene modules were principally enriched in cell cycle, DNA replication
and nuclear division. These �ndings cooperate to indicate that CTPS1 might play a noticeable role in cell cycle
regulation of triple-negative breast cancer.

Conclusions
In summary, our study is the �rst exploration of the cytidine nucleotide triphosphate synthase 1 (CTPS1) in
tumorigenesis. We observed that CTPS1 was overexpressed in TNBC tumor tissues and associated with poor
prognosis. CTPS1 could promote carcinogenesis and metastasis of TNBC through transcriptional activation
by YBX1. YBX1/CTPS1 is an important axis in the progression of triple-negative breast cancer. Taken together,
CTPS1 might be a promising prognosis biomarker and potential therapeutic target for TNBC treatment.

Declarations



Page 14/24

Acknowledgments

We acknowledge our colleagues for their valuable efforts and comments on this paper.

Funding

This study was supported by grants from the Joint funds for the Innovation of Science and Technology, Fujian
Province (2018Y9205, 2019Y9054, 2019Y9103), Natural Science Foundation of Fujian Province
(2020J01995) ,the Fujian Young Teacher Education Research Project (JAT170228) and Fujian Provincial
Health Technology Project (2020QNA039) .

Contribution

Conception and design: LY, WC, SC, FF; Collection and assembly of data: LY, GW, CL, CM; Development of
methodology: LY, ZJ, LY, JM, XH; Data analysis and interpretation: LY, CX, ZW, JX; Manuscript drafting: LY, ZJ;
Manuscript revision: WC, SG, FF. All authors read and approved the �nal manuscript.

Ethics approval and consent to participate

This study was approved by the Research Ethics Committee of Fujian Medical University Union Hospital and
informed consent was obtained from each participant. 

Consent for publication

All authors have read and approved the content and agree to submit for consideration for publication in the
journal.

Availability of data and materials

The datasets during and/or analysed during the current study are available from the corresponding author on
reasonable request.

Competing interests

The authors have declared that no competing interests exist.

References
1. Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and

Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021;71(3):209-249.

2. Foulkes WD, Smith IE, Reis-Filho JS. Triple-negative breast cancer. N Engl J Med. 2010;363(20):1938-
1948.

3. Denkert C, Liedtke C, Tutt A, von Minckwitz G. Molecular alterations in triple-negative breast cancer-the
road to new treatment strategies. Lancet. 2017;389(10087):2430-2442.

4. Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. Triple-negative breast cancer: challenges and
opportunities of a heterogeneous disease. Nat Rev Clin Oncol. 2016;13(11):674-690.



Page 15/24

5. Fornier M, Fumoleau P. The paradox of triple negative breast cancer: novel approaches to treatment.
Breast J. 2012;18(1):41-51.

�. Ostrander DB, O'Brien DJ, Gorman JA, Carman GM. Effect of CTP synthetase regulation by CTP on
phospholipid synthesis in Saccharomyces cerevisiae. J Biol Chem. 1998;273(30):18992-19001.

7. van Kuilenburg AB, Meinsma R, Vreken P, Waterham HR, van Gennip AH. Identi�cation of a cDNA
encoding an isoform of human CTP synthetase. Biochim Biophys Acta. 2000;1492(2-3):548-552.

�. van den Berg AA, van Lenthe H, Kipp JB, de Korte D, van Kuilenburg AB, van Gennip AH. Cytidine
triphosphate (CTP) synthetase activity during cell cycle progression in normal and malignant T-
lymphocytic cells. Eur J Cancer. 1995;31A(1):108-112.

9. Williams JC, Kizaki H, Weber G, Morris HP. Increased CTP synthetase activity in cancer cells. Nature.
1978;271(5640):71-73.

10. Verschuur AC, Van Gennip AH, Leen R, Meinsma R, Voute PA, van Kuilenburg AB. In vitro inhibition of
cytidine triphosphate synthetase activity by cyclopentenyl cytosine in paediatric acute lymphocytic
leukaemia. Br J Haematol. 2000;110(1):161-169.

11. Martin E, Palmic N, Sanquer S, et al. CTP synthase 1 de�ciency in humans reveals its central role in
lymphocyte proliferation. Nature. 2014;510(7504):288-292. 

12. Lin Y, Lin L, Fu F, et al. Quantitative proteomics reveals stage-speci�c protein regulation of triple negative
breast cancer. Breast Cancer Res Treat. 2021;185(1):39-52.

13. Sabatier R, Finetti P, Cervera N, et al. A gene expression signature identi�es two prognostic subgroups of
basal breast cancer. Breast Cancer Res Treat. 2011;126(2):407-420.

14. Sabatier R, Finetti P, Adelaide J, et al. Down-regulation of ECRG4, a candidate tumor suppressor gene, in
human breast cancer. PLoS One. 2011;6(11):e27656.

15. Gruosso T, Mieulet V, Cardon M, et al. Chronic oxidative stress promotes H2AX protein degradation and
enhances chemosensitivity in breast cancer patients. EMBO Mol Med. 2016;8(5):527-549.

1�. ornes O, Castro-Mondragon JA, Khan A, et al. JASPAR 2020: update of the open-access database of
transcription factor binding pro�les. Nucleic Acids Res. 2020;48(D1):D87-D92.

17. Farré D, Roset R, Huerta M, et al. Identi�cation of patterns in biological sequences at the ALGGEN server:
PROMO and MALGEN. Nucleic Acids Res. 2003;31(13):3651-3653.

1�. Messeguer X, Escudero R, Farré D, Núñez O, Martínez J, Albà MM. PROMO: detection of known
transcription regulatory elements using species-tailored searches. Bioinformatics. 2002;18(2):333-334.

19. Lim JP, Nair S, Shyamasundar S, et al. Silencing Y-box binding protein-1 inhibits triple-negative breast
cancer cell invasiveness via regulation of MMP1 and beta-catenin expression. Cancer Lett. 2019;452:119-
131.

20. Loibl S, Poortmans P, Morrow M, Denkert C, Curigliano G. Breast cancer. Lancet. 2021;397(10286):1750-
1769.

21. Early Breast Cancer Trialists' Collaborative Group (EBCTCG). Increasing the dose intensity of
chemotherapy by more frequent administration or sequential scheduling: a patient-level meta-analysis of
37 298 women with early breast cancer in 26 randomised trials. Lancet. 2019;393(10179):1440-1452.



Page 16/24

22. Budd GT, Barlow WE, Moore HC, et al. SWOG S0221: a phase III trial comparing chemotherapy schedules
in high-risk early-stage breast cancer. J Clin Oncol. 2015;33(1):58-64. 

23. Eliseeva IA, Kim ER, Guryanov SG, Ovchinnikov LP, Lyabin DN. Y-box-binding protein 1 (YB-1) and its
functions. Biochemistry (Mosc). 2011;76(13):1402-1433.

24. Suresh PS, Tsutsumi R, Venkatesh T. YBX1 at the crossroads of non-coding transcriptome, exosomal, and
cytoplasmic granular signaling. Eur J Cell Biol. 2018;97(3):163-167.

25. Dong J, Akcakanat A, Stivers DN, Zhang J, Kim D, Meric-Bernstam F. RNA-binding speci�city of Y-box
protein 1. RNA Biol. 2009;6(1):59-64.

2�. Wolffe AP. Structural and functional properties of the evolutionarily ancient Y-box family of nucleic acid
binding proteins. Bioessays. 1994;16(4):245-251.

27. Liu Z, Li Y, Li X, et al. Overexpression of YBX1 Promotes Pancreatic Ductal Adenocarcinoma Growth via
the GSK3B/Cyclin D1/Cyclin E1 Pathway. Mol Ther Oncolytics. 2020;17:21-30.

2�. Nagasu S, Sudo T, Kinugasa T, et al. Y‐box‐binding protein 1 inhibits apoptosis and upregulates EGFR in
colon cancer. Oncol Rep. 2019;41(5):2889-2896.

29. Kim A, Shim S, Kim YH, Kim MJ, Park S, Myung JK. Inhibition of Y Box Binding Protein 1 Suppresses Cell
Growth and Motility in Colorectal Cancer. Mol Cancer Ther. 2020;19(2):479-489.

30. Zhao S, Guo W, Li J, et al. High expression of Y-box-binding protein 1 correlates with poor prognosis and
early recurrence in patients with small invasive lung adenocarcinoma. Onco Targets Ther. 2016;9:2683-
2692. 

31. Cui Y, Li F, Xie Q, et al. YBX1 mediates autophagy by targeting p110β and decreasing the sensitivity to
cisplatin in NSCLC. Cell Death Dis. 2020;11(6):476.

32. Zhou LL, Ni J, Feng WT, et al. High YBX1 expression indicates poor prognosis and promotes cell migration
and invasion in nasopharyngeal carcinoma. Exp Cell Res. 2017;361(1):126-134.

33. Ban Y, Tan Y, Li X, et al. RNA-binding protein YBX1 promotes cell proliferation and invasiveness of
nasopharyngeal carcinoma cells via binding to AURKA mRNA. J Cancer. 2021;12(11):3315-3324.

34. Shibata T, Tokunaga E, Hattori S, et al. Y-box binding protein YBX1 and its correlated genes as biomarkers
for poor outcomes in patients with breast cancer. Oncotarget. 2018;9(98):37216-37228.

35. Yang F, Chen S, He S, Huo Q, Hu Y, Xie N. YB-1 interplays with ERα to regulate the stemness and
differentiation of ER-positive breast cancer stem cells. Theranostics. 2020;10(8):3816-3832.

3�. Lim JP, Shyamasundar S, Gunaratne J, Scully OJ, Matsumoto K, Bay BH. YBX1 gene silencing inhibits
migratory and invasive potential via CORO1C in breast cancer in vitro. BMC Cancer. 2017;17(1):201.

Figures



Page 17/24

Figure 1

CTPS1 expression is elevated in TNBC and correlated with poor prognosis. a-d The mRNA expression of
CTPS1 in TNBC and normal tissues was analyzed based on GEO (GSE21653, GSE31448, GSE45827) and
TCGA databases. e Representative immunohistochemistry (IHC) images of CTPS1 in TNBC tumor and
adjacent normal tissues (×200). f The protein expression of CTPS1 in tumor and adjacent normal tissues from
triple-negative breast cancer patients was detected by IHC. g, h Kaplan-Meier analysis of the disease-free
survival (DFS) and overall survival (OS) with different CTPS1 expression in TNBC patients. Scale bar: 50um.
*** p<0.001.
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Figure 2

Knockdown of CTPS1 suppresses cell proliferation, migration, invasion and induces apoptosis of TNBC cells
in vitro. a CTPS1 protein expression in TNBC cell lines was analyzed by western blot. b The knockdown
e�ciency of shCTPS1 was detected by qRT-PCR in MDA-MB-231 and HCC1937 cells. c The knockdown
e�ciency of shCTPS1 for following experiments was validated by western blot. d, e Cell proliferation was
detected by CCK8 and colony formation assay following CTPS1 knockdown in TNBC cells. f Cell migration
and invasion ability was determined by transwell assay following CTPS1 knockdown in TNBC cells. g Cell
apoptosis of TNBC cells following CTPS1 knockdown was analyzed by �ow cytometer. ** p<0.01, *** p<0.001.
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Figure 3

CTPS1 promotes TNBC tumor growth in vivo. a Images of xenograft tumors from groups of BALB/c-nude
mice 4 weeks after the subcutaneous injection of stable CTPS1 knockdown MDA-MB-231 cells (shCTPS1) or
control cells (shCtrl). b Tumor volume was calculated according to the formula: (length × width2)/2. c Tumor
weight in nude mice of shCTPS1 and shCtrl group was assessed at day 28. d Hematoxylin and eosin (HE)
staining and immunohistochemistry for Ki67 in xenograft tumors. ** p<0.01, *** p<0.001.
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Figure 4

YBX1 directly binds to the CTPS1 promoter to regulate CTPS1 expression. a Dual-luciferase reporter assay
con�rmed the interaction of YBX1 and CTPS1 promoter. b CTPS1 mRNA expression level was identi�ed by
qRT-PCR after overexpression of YBX1. c The binding site of YBX1 and CTPS1 was predicted by JASPAR
database. d Diagrammatic drawing of CTPS1 promoter fragments. e Luciferase activity of different CTPS1
promoter fragment was detected after YBX1 overexpression. f, g Luciferase activity of CTPS1 promoter (WT or
MUT) was detected after YBX1 overexpression. h ChIP assay veri�ed that YBX1 binds to the CTPS1 promoter.
** p<0.01.
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Figure 5

YBX1/CTPS1 axis is involved in the progression of TNBC. a, b Cell proliferation and invasion ability was
assessed by CCK-8 and transwell assay after overexpression of YBX1 and downregulation of CTPS1. c-f The
correlation between YBX1 and CTPS1 mRNA expression was evaluated by Spearman’s correlation analysis
based on GEO (GSE21653, GSE31448, GSE45827) and TCGA databases. g The protein expression of YBX1 in
tumor and adjacent normal tissues from triple-negative breast cancer patients was detected by IHC analysis. h
The correlation between YBX1 and CTPS1 protein expression was evaluated by Spearman’s correlation
analysis based on IHC analysis (×200). i, j Kaplan-Meier analysis of the disease-free survival and overall
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survival with different YBX1 expression in TNBC patients. k Kaplan-Meier analysis of the disease-free survival
with different YBX1 and CTPS1 expression in TNBC patients. ** p<0.01, *** p<0.001, ###p<0.001
(YBX1+shCtrl vs YBX+CTPS1).

Figure 6

GSEA revealed interrelated pathways for CTPS1. a The distribution of the 3 selected GEO datasets after
adjusting for batch effects. b KEGG terms of GSEA analysis for CTPS1 positively enriched functions by
enrichment scores (ES) in 3 GEO datasets and TCGA database.
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Figure 7

Identi�cation of co-expression module genes associated with CTPS1 with the WGCNA. a, d Relationship
between scale-free topology model �t and soft-thresholds (powers) in 3 GEO datasets and TCGA database. b,
e Relationship between the mean connectivity and various soft-thresholds in 3 GEO datasets and TCGA
database. c, f Dendrogram of modules identi�ed by WGCNA in 3 GEO datasets and TCGA database. g The
intersection of green module for 3 GEO datasets and brown module for TCGA database contained 250 co-
expression module genes of CTPS1. h, i KEGG pathway and GO-BP terms for 250 co-expression module genes
of CTPS1.
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