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Metabolomics analysis revealed the metabolic heterogeneity of cervical cancer
(CQC) cell lines C33A and CaSki, and their molecular mechanisms were explored.
Using the modified Bligh-Dyer method, the endogenous metabolites of C33A
and CaSki cells were divided into polar and nonpolar fractions. The metabolites
were analysed by ultra-performance liquid chromatography-quadrupole-time-
of-flight mass spectrometry (UPLC-Q-TOF-MS). Then, the differential
metabolites were screened by combining multivariate statistical analysis and
volcano maps, and functional enrichment and pathway analysis of the differential
metabolites were performed. Finally, association analysis was carried out in
combination with transcriptomics, and the important differential metabolisms
were experimentally verified by real-time PCR (RT-gPCR) and oil red staining.
The results showed that between the C33A and CaSki cell lines, there were
significant differences in amino acids, nucleotides and lipids, such as in threonine,
arachidonic acid and hypoxanthine, in the metabolic pathways. These
compounds could be used as markers of differences in cellular metabolism.
The heterogeneity of lipid metabolism accounted for 87.8%, among which C33A
cells exhibited higher contents of fatty acid polar derivatives, while CaSki cells
showed higher contents of free fatty acids and glycerides. Based on correlation
analysis of the above metabolic differences in HPV pathways as well as lipid
metabolism-related genes, p53 and the genes involved in lipid metabolism
pathways, such as Peroxisome Proliferator Activated Receptor Gamma(PPARG)
and stearoyl-CoA desaturase (SCD), are relevant to the metabolic heterogeneity
of the cells. The differential expression of some genes was validated by RT-gPCR.
CaSki cells showed significantly higher glyceride levels than that of C33A cells, as
verified by oil red O staining and glyceride assays. The above results showed that
the metabolomic differences between C33A and CaSki cells were relatively
obvious, especially in lipid metabolism, which might be related to the
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decreased expression of PPARG and p53 caused by HPV E6. Further studies on
the molecular mechanism of lipid metabolism heterogeneity in cervical cancer
cell lines with or without HPV could provide a new reference for the
development of CC and individualized treatments of tumour patients.
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1 Introduction

Cervical cancer (CC) is among the three most common
gynaecological tumours, and over half a million new cases are
diagnosed per year for women worldwide. Persistent high-risk
human papilloma virus (HR-HPV) infection is a well-established
causative factor in most CCs (1). The pathogenic mechanism of
cervical squamous cell carcinoma (CSCC) caused by HPV16
infection, which accounts for 50-60% of cases (2), is mainly due
to p53 degradation mediated by the encoded E6 protein (3).
However, CC without HPV infection is usually related to the
functional mutation of p53 (4). CC primarily metastasizes
through lymphatic vessels or direct metastases. Radical
hysterectomy, radiotherapy and postoperative cisplatin-based
combination chemotherapy are the main therapeutic regimens.
However, more than 30% of patients show resistance to
radiotherapy, and the recurrence rate of early CC may be greater
than 5% within 4.5 years (5, 6). The current standard of
radiotherapy for locally advanced cervical cancer (LACC) as well
as clinical outcomes has not improved in over 30 years. Multiomics
studies have largely broaden our recognition of cancer metabolism.
CC induced by oncogenic viruses in carcinogenesis can remain in a
precancerous state for several years. Studies aimed at metabolic
phenotype of CC will enhance our knowledge on the disturbance of
viruses with host cells and the development of CC with or
without HPV.

Metabolomics is a field of omics following genomics,
transcriptomics, and proteomics that aims to characterize the
metabolic profiles of cells, body fluids, or tissues to identify the
different metabolites and explore the underlying biological
mechanisms (7). The endogenous metabolism of cells is changed
during tumour progression. Metabolomics is increasingly being
used to discover the key molecular changes behind tumorigenesis;
thus, elucidating the various omics differences in model cells is
essential. Although transcriptome and proteomic differences in CC
cell lines have been reported frequently (8-12), metabolomics has
only been reported once. Kalliopi I. Pappa et al. conducted
metabolomic analysis using ultra-performance liquid
chromatography (UPLC) and high-resolution mass spectrometry
(MS) and found that both HeLa and Siha cell lines exhibit Warburg
metabolic characteristics and purine salvage pathway activity; in
contrast, C33A cells synthesize cytidine through a novel mechanism
(13). In this study, we focused on the metabolic differences in polar
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and nonpolar metabolites of an HPV16-positive CC cell line CaSki
established from small intestinal mesenteric metastasis cells and a
HPV negative CC cell line C33A. C33A cells tested negative for
HPV DNA and RNA. The 273" codon encoding the p53 protein
was changed from arginine to cysteine due to a point mutation.
CaSki cells with HPV can lead to p53 degradation. As a recognized
tumour suppressor gene, p53 plays a very important regulatory role
in the regulation of lipid metabolism in normal cells. The decrease
in p53 certainly leads to an imbalance in lipid metabolism in
cells (14).

In this study, we adopted UHPLC-quadrupole-time-of-flight
mass spectrometry to investigate the metabolomics of CC cell lines
between C33A and CaSki to identify the key metabolic changes
specific to HPV. We used available transcriptome data to identify
the differentially expressed genes that reflect tumour-specific
metabolic alterations and further validated them through
experiments on corresponding metabolic and genetic changes.
Finally, we integrated our metabolic and transcriptome data to
reveal the clearly disrupted pathways at the metabolic and
transcriptional levels and to identify the potential biomarkers that
may contribute to the diagnosis and prognosis of CC, providing a
theoretical basis for individualized treatment of patients with
clinical tumours.

2 Results

2.1 Typical total ion counting (TIC) and
methodological verification

Figure 1 depicts the TIC of hydrophobic(polar) and hydrophilic
(nonpolar) components of the QC group with more
chromatographic peaks and better resolution (R) as well as
response. The relative standard deviation (RSD) of retention time
and peak area for over 85% ions in QC samples were less than 1.0%
and 15.0%, respectively, indicating the good stability of the samples
and instrument system.

2.2 Multivariate statistical analysis

We performed unsupervised principal component analysis
(PCA) to verify the quality control (QC) of the metabolic data.
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Typical chromatogram. (A) hydrophobic components detected by positive ion mode (ESI*). (B) hydrophobic components detected by negative ion
mode (ESI7). (C) hydrophilic components detected by positive ion mode (ESI™). (D) hydrophilic components detected by negative ion mode (ESI7).

The results showed that all C33A, CaSki and QC samples were at
95% Hotelling’s T-squared ellipse and significantly separated into
clusters (Figure S1) without any outliers in these samples.

To obtain a more objective statistical estimation and specific
loadings, OPLS-DA for a model discriminating between the
samples was conducted based on PCA (Figure 2). The OPLS-DA
scatter plot of all models (R*Y(cum)=0.99, Q* (cum)=0.949)
presented good R-squared and predictive ability. Partial
permutation test results (200 times) showed intercepts of R*
<0.908 and Q* <-0.442 in all the models. If all blue Q* values
were lower than the value of the original point or the blue regression
line of the Q* point intersected the vertical axis at or below 0
according to the criterion, these PLS-DA models exhibited a lower
risk of overfitting. The above results suggested that PLS-DA models
could identify the differentially enriched metabolites between the
C33A and Caski groups and thus output VIP values of
each variable.

2.3 Analysis of the metabolite differences
between C33A and CaSki

VIP values were generated on the premise of confirming the
reliability of the models. Volcano plots were constructed according
to the differential fold change of peak area with p value of t test
(Figure S2), metabolites with fold > 1.50 or < 0.67 and p value <0.05
were screened, and differential metabolites were determined in
combination with VIP > 1.0.
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Based on information, such as the retention time, precise
molecular weight, and secondary fragments, differential
metabolites were identified through the Lipidview database and
Progenesis QI software. A total of 99 differential metabolites were
identified from the polar group, mainly including fatty acid (FA)
derivatives, amino acids and lysophospholipids (LPLs). A total of
114 differential metabolites were identified from the nonpolar
group, and these metabolites mainly included phospholipids (PL),
glycerides and their derivatives, in addition to a small amount of
amphiphilic molecules, such as sphingosine derivatives,
lysophosphatidic acid (lysoPA), and saturated and unsaturated
FAs (Figure 3; Table S1). Classical univariate ROC curve analysis
showed that threonine, arachidonic acid and hypoxanthine could be
used as biomarkers to identify C33A and CaSKki cells (Tables S2, 3).
Among them, metabolites in the polar group with an over 10-fold
differences in expression are shown in Table S2, and those with an
over 10-fold difference in expression in the nonpolar group are
shown in Table S3.

MetaboAnalyst 5.0 software was used to analyse the heatmap of
polar and nonpolar differential metabolites. Considering the large
differences, the intragroup mean values of the top 25 metabolites
with the largest differences were selected for heatmap analysis
(Figures 4A, B). Overall, the levels of LPL, linoleamide, 3-
ketosphingosine, N-palmitoyl threonine and stearoylglycine in
CaSki cells were significantly lower than those in C33A cells,
while FA derivatives with less polar groups, such as sebacic acid,
pentadecenoic acid, octadecendioic acid, a-linolenic acid,
docosatrienoic acids, octadecanedioic acid, prostaglandin E1, oleic
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FIGURE 2

PLS-DA score plots(left) with corresponding permutation test plots (right) derived from (A) hydrophobic components detected by positive ion mode
(ESI™). (B) hydrophobic components detected by negative ion mode (ESI7). (C) hydrophilic components detected by positive ion mode (ESI™).
(D) hydrophilic components detected by negative ion mode (ESI7) in LC-MS metabolite profiles between C33A and CaSki.

acid, docosahexaenoic acid (DHA) and arachidonic acid, were more
highly expressed in CaSki cells than in C33A cells (Figure 4A).
Figure 4B also suggests that CaSki cells had higher triglyceride (TG)
contents than C33A cells, while the phospholipid derivatives with
polar groups were lower. All the differential metabolites in
Supplementary Table 1 were analysed together. According to their
composition characteristics, these differential metabolites could be
subdivided into 7 categories, including amino acids, saturated FAs,
unsaturated FAs, phospholipids and their derivatives, glycerides,
lysoFAs and other metabolites. The differences in the absolute
expression of the first six kinds of metabolites are shown in
Figures 4C-H. Most amino acids, including arginylleucine, L-
glutamic acid, L-phenylalanine and phenylpyruvic acid, exhibited
higher expression in C33A cells than in CaSki cells. Only threonic
acid was less expressed in C33A cells than in CaSki cells (Figure 4C).
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Except for a few TGs with fewer than 54 carbon atoms, such as TG
(52:9) and TG (53:8), most diglycerides (DGs) and TGs were more
highly expressed in CaSki cells than in C33A cells. The analysis of
the correlation between the carbon atom number of triglycerides
and cell expression differences showed that TAG with carbon atom
numbers between 50 and 53 had higher expression in C33A cells,
while those between 54 and 62 showed higher expression in CaSki
cells (Spearman correlation coefficient r = -0.676, significance of
two-tailed T test p=0.000, Figure S3). FA derivatives, such as 2-
aminomuconic acid, N-myristoyl methionine, N-palmitoyl
glutamine, N-palmitoyl threonine, N-stearoyltaurine,
palmitoleamide, palmitoylglycine, stearoylethanolamide,
stearoylglycine and tetradecanoylcarnitine, were present in high
amounts in C33A. Saturated FAs with two carboxyl groups,
hexadecanedioic acid, octadecanedioic acid, pentadecanoic acid,
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tetradecanedioic acid and undecanedioic acid, were at a relatively
high level in CaSki (Figure 4E). Furthermore, unsaturated FAs that
are abundant in C33A cells, such as 3,5-tetradecadiencarnitine,
sphingosine, oleoylethanolamide, N-oleoyl tyrosine and linoleoyl
ethanolamide, are usually modified by polar compounds. However,
those in CaSki cells, such as sciadonic acid, eicosapentaenoic acid,
2-hydroxylinolenic acid, o-linolenic acid, docosahexaenoic acid, 9-
hydroxylinoleic acid, arachidonic acid, docosatrienoic acid, oleic
acid and prostaglandin E1, were not modified or only hydroxyl
groups were added to the unsaturated FA chain (Figure 4F). In-
depth analysis of 12 kinds of ®-3 and ®-6 FAs and their derivatives
showed that only linoleamide (®-6) and N-arachidonoylglycine (o-
6) had high levels in C33A cells. Compared to CaSki cells, the
expression of LPL, which was abundant in C33A cells, was generally
not lower; the most significant differences were observed in LysoPA
(16:0), LysoPC (18:0), LysoPC (18:1), LysoPE (18:1) and LysoPS
(18:2) (Figure 4G). Phospholipids and derivatives of PA (38:2), PA
(34:0), PE (32:1) and PI (40:6) were highly expressed in C33A cells,
while PC (40:7), PC (40:9), PC (42:6), PC (42:8), PE (44:1) and PE
(44:2) were highly expressed in CaSki cells (Figure 4H). Based on
the integrated metabolic data, we found that the metabolic
differences between C33A and CaSki cells were mainly focused on
lipids. Statistical correlation between the polar distribution of FA
metabolites and up/downregulated gene expression in C33A and
CaSki cells suggested that most polar and nonpolar FAs (such as
triglycerides and diglycerols) had a C33A/CaSKki ratio of less than 1.
However, most FA derivatives with other polar groups (such as
linoleoyl ethanolamide, glycerophosphatidic acid (PA),
phosphatidylcholine (PC), phosphatidylglycerol (PG),
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phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidyl
ethanolamine (PE) and LPL derivatives) had a C33A/CaSki ratio
of greater than 1. The results above were statistically significant
(Spearman correlation coefficient r=0.791, significance of two-tailed
T test p=0.000, Figure S4). That is, C33A cells had a higher content
of FA derivatives and stronger polarity than that of CaSki cells.
Compared with C33A cells, CaSki cells had a higher content of
simple FA chains and weaker polarity.

2.4 Enrichment and metabolic pathway
analysis of C33A and CaSki

Enrichment and metabolic pathway analyses were carried out
using MetaboAnalyst5.0 software. The overview of enriched
metabolite sets (top 25) is represented by a bubble diagram. The size
and colour of the bubble suggest the enrichment ratio and p value,
respectively (Figures 5A, B). The metabolic pathway analysis directly
indicated that metabolic pathways with the maximum difference
between C33A and CaSki were determined with a pathway impact
value >0.1 as the standard (Figures 5C, D). The results of polar group
enrichment analysis showed that C33A and CaSki cells showed
significant differences in the biosynthesis of aromatic amino acids
(phenylalanine, tyrosine and tryptophan) and unsaturated FAs, as well
as phenylalanine metabolism, while linoleic acid metabolism and
unsaturated FA biosynthesis were observed in the nonpolar group.
Consistent with this conclusion, KEGG analysis also suggested that the
differences between C33A and CaSki in the polar group were mainly
concentrated on aromatic amino acid biosynthesis (impact=1.0000),
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pathway impacts and vertical axis represents the -log10(p-value).
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phenylalanine metabolism (impact=0.6190), D-glutamine and D-
glutamic acid metabolism (impact=0.5000), a-oleic acid metabolism
(impact=0.3333) and arachidonic acid metabolism (impact=0.3135),
while glycerophospholipid metabolism (impact=0.3562), linoleic acid
metabolism (impact=1.0000) and arachidonic acid metabolism
(impact=0.3145) were enriched in the nonpolar group.

2.5 Transcriptomic analysis and correlation
analysis with metabolomics

Based on the known transcriptome differences between C33A
and CaSki cells in the GEO database, more than 10,000 genes were
statistically significant (p < 0.05) (Table S4). Although the
transcriptome pathway analysis could not obviously reveal the
lipid metabolism-related pathway, it was observed that the
pathway of “human papillomavirus infection” was significantly
downregulated in C33A cells compared with CaSki cells
(p=7.41¢"*®), indicating that the transcriptome data obtained were
reliable (Figure S5). Through the KEGG and SMPDB websites, we
screened P53-related genes and analysed their association with
metabolomics. The results showed that P53 pathway-related genes
were not directly related to metabolomics. The correlation analysis
of HPV-related genes, consistent transcriptomic differential genes
associated with metabolomics, showed that only seven HPV
pathway genes (PTGS2, P53, GNAS, BAX, TNF, VEGFA, and
PTEN) were related to lipid synthesis (Figure S6; Table S5). A
total of 391 genes related to metabolic pathways, such as
glycerolipid metabolism, unsaturated FA metabolism, linoleic acid
metabolism and arachidonic acid metabolism, were screened by the
same method, and 244 genes were consistent with transcriptome
differences (Figure 6A). The 244 genes and 213 differential
metabolites were input into the “Network Explorer” module of
the MetaboAnalyst5.0 website to analyse the interaction between
genes and metabolism in the “Gene—Metabolite Interaction
Network” (Figure 6B; Table S6), demonstrating that there were 95
genes involved in lipid metabolism. The top 10 most relevant genes

PE(32:2)

.

PC(38:7)

I LysoPC(18:3)
0-

Sphingosine

Linoleic acid

10.3389/fonc.2023.1194462

were FA desaturase 2 (FADS2), arachidonate lipoxygenase 3
(ALOXE3), peroxisome proliferator activated receptor-y (PPARG),
stearoyl-CoA desaturase (SCD), peroxisome proliferator activated
receptor-o. (PPARA), galactosidase-o. (GLA), stearoyl-CoA
desaturase 5 (SCD5), long chain FA CoA ligase 1 (ACSLI),
lecithin-cholesterol acyltransferase (LCAT) and FA synthase
(FASN). Except for the unknown functional correlation of GLA,
the other 9 genes were related to FA metabolism, which further
confirmed the difference in lipid metabolism between C33A and
CaSki cells.

2.6 Lipid metabolism gene validation, oil
red assay and total glyceride detection

Real-time fluorescent quantitative PCR primers were designed
for the single functional genes of Table S7 related to metabolism,
and the differences in lipid metabolism genes between C33A and
CaSKki cells were detected (Figure 7A). Compared with C33A, the
expression of other genes except for prostaglandin peroxide
synthase 2 (PTGS2) was downregulated in CaSki cells, and the
function related to lysoFA synthesis, FA decomposition,
desaturation, intake, transportation and metabolism. The results
indicated that CaSki contained notably higher TG content than that
of C33A (Figure 7B). In addition, the oil red assay also confirmed
that the lipid content of CaSki was significantly higher than that of
C33A (Figures 7C, D).

3 Discussion

Metabolomics of tumours is a high-throughput technique used
to study the endogenous metabolic changes in the body from the
whole and multiple perspectives (7), as well as to clarify the
tumorigenesis and development of diseases. Although metabolic
biomarkers related to CC have been widely reported, the differences
in cell metabolism that distinguish CC with or without HPV have
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not been studied until now. By analysing the metabolites of C33A
and CaSKki cells, a total of 99 metabolites were yielded from the
positive and negative ion groups of polarity, which were mainly FA
derivatives, amino acids and LPLs. A total of 114 different
metabolites were confirmed from the positive and negative ion
groups of the nonpolarity, mainly phospholipids, glyceride and
their derivatives, in addition to a small amount of sphingosine
derivatives, lysoFAs, saturated and unsaturated FAs, etc. Regarding
amino acid metabolism, the expression of C33A was upregulated in
almost all the differential amino acids compared to CaSki, and only
threonic acid showed the opposite trend. GO and KEGG analyses
indicated that these differences were largely associated with the
biosynthesis of phenylalanine, tyrosine, and tryptophan, as well as
the metabolism of phenylalanine. Notably, the threonine content in
C33A cells was significantly lower than that in CaSki cells (average
of C33A/CaSki = 0.0765). However, N-palmitoyl threonine in C33A
cells was dramatically higher than that in CaSki cells (average of
C33A/CaSki = 431.9820). We speculated that CaSki cells cannot
synthesize threonine well into N-palmitoyl threonine, and the
function of the latter remains unknown. Threonine participates in
lipid metabolism, and several studies have shown that threonine
may be a positive regulator of lipid metabolism disorders (15-17).
Additionally, the results of polarity group analysis showed that the
expression of 4-ketoretinol, hypoxanthine and thymidine was
downregulated in C33A compared with CaSki. Conversely, AMP,
pantothenic acid, folinic acid and tryptamine were upregulated in
C33A compared to CaSki. AMP, hypoxanthine and thymidine are
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mainly involved in nucleotide metabolism, while 4-ketoretinol,
pantothenic acid and tryptamine are primarily involved in lipid
metabolism. According to the above metabolic differences, we
deduced the overall metabolic differences between C33A cells and
CaSKki cells, as shown in Figure 8. As we know, the TCA cycle is the
center of metabolism, and the intermediate products of the cycle are
important substrates for the synthesis of amino acids (such as
threonine, tyrosine and glutamic acid, etc.). Acetyl-coA produced
by the TCA cycle is the most important substrate in fatty acid
synthesis. and oxaloacetic acid produces pyruvate through
decarboxylation, which can further generate o-phosphoglycerol,
which participates in lipid metabolism as a substrate for glycerol
ester synthesis, or converted into glucose 6-phosphate, which in
turn produces ribose through the pentose phosphate pathway and
participates in nucleotide metabolism. Of course, glutamate and
other substances in amino acid metabolism are also important
substrates for base synthesis. The differences in metabolites and
enzyme activity ultimately lead to significant metabolic differences
between C33A and Caski cells on the layers of nucleic acid, lipid,
and amino acid.

Lipid metabolism changes represented by FA synthesis (FAS)
and FA oxidation (FAO) have been increasingly recognized as an
important metabolic recombination phenomenon in tumour cells.
Tumour cells can also hydrolyse the reserved FAs to maintain cell
growth when needed. FAs obtained by FA hydrolysis are
decomposed through the mitochondrial FA B-oxidation pathway
to produce a large amount of acetyl-CoA to meet the energy
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demand of rapid cell proliferation. The generated acetyl-CoA can
enter the tricarboxylic acid (TCA) cycle or be transported to the
cytoplasm as citric acid to synthesize FAs. Excess acetyl-CoA can be
esterified with cholesterol or diacylglycerol (DAG) to form
cholesterol esters (CE) or triacylglycerol (TG) and be stored as
lipid droplets (18). Enrichment pathway analysis of lipids showed
that differential metabolites of C33A and CaSki cells were associated
with the metabolism of glycerophospholipids, linoleic acid and
arachidonic acid. The glycerophospholipids above then
decompose one molecule of the FA chain under the exposure of
phospholipase to become LPLs. Hydrophobic triglycerides and their
derivatives constitute an important component of the cell
membrane, and their content accounts for nearly 50% of the total
amount of the cell membrane. Different membrane lipid
compositions in cells may be a sign of lipid metabolism changes.
Our omics analysis demonstrated that phospholipids and
derivatives such as PA (38:2), PA (34:0), PE (32:1) and PI (40:6)
were highly expressed in C33A cells. PC (40:7), PC (40:9) and PC
(42:6) showed upregulated expression in CaSki cells.
Correspondingly, LPLs were generally expressed at high levels in
both CaSki and C33A cells, and their expression in C33A cells was
usually higher than that in CaSki cells, with the most significant
differences in LysoPA (16:0), LysoPC (18:0), LysoPC (18:1), LysoPE
(18:1) and LysoPS (18:2). LPLs are produced by the hydrolysis of
phospholipid-related substances under the catalysis of
phospholipase, resulting in the loss of one molecule of FAs. The
activity of phospholipase affects its content, but too many LPLs,
such as lysophosphatidylcholine (LPC), are harmful to cells and
lead to inflammation, oxidative stress damage and cell apoptosis. In
cell culture, apoptosis or inflammation caused by high levels of
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LPCs did not occur in C33A cells. It is possible that other kinds of
LPLs disrupt the effect of LPCs.

Another manifestation of lipid metabolic heterogeneity in both
CC cell lines (CaSki and C33A) is the difference in the metabolism
of unsaturated FAs, which are also known as essential FAs. Linoleic
acid and arachidonic acid are unsaturated FAs, which are further
divided into monounsaturated and polyunsaturated FAs. Oleic acid
and linoleic acid are the most common monounsaturated FAs
(MUFASs) and are universally good for health. In contrast, there
are four major types of polyunsaturated FAs (PUFAs) (-3, ®-6, ®-
7 and ®-9). Studies have indicated that ®-6 PUFA metabolites
derive inflammatory factors, such as prostaglandin E2 (PGE2) and
leukotriene B4 (LTB4), which can stimulate organisms to produce
inflammatory cytokines and thus form a microenvironment that
promotes tumour growth. The metabolites produced by -3 PUFAs
are anti-inflammatory factors, such as prostaglandin E3 (PGE3) and
leukotriene B5 (LTB5), which inhibit the production of cell
inflammation and the growth of tumours. We analysed the
differences in the metabolism of ®-3 and ®-6 in C33A and CaSki
cells and found no statistical significance in the distribution and
content of PUFAs in the two types of cells. However, recent studies
have shown that overwhelming PUFA peroxidation is among the
main inducers of iron apoptosis (19). Li H et al. studied the
metabolomics differences in different cell lines and found that
triglycerides (TAG) containing PUFAs can be obviously divided
into two clusters. One contained polyunsaturated triglycerides
(PUFAM#") with more unsaturated double bonds (more than 4),
and the other comprised monounsaturated triglycerides (MUFA'")
with fewer unsaturated double bonds. Analysis revealed that the
number of unsaturated FAs in triglycerides with metabolic
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differences in C33A and CaSki cells was not less than 4, but the
number of TAG carbon atoms in C33A cells was shorter than that
in Caski cells (20).

RT-qPCR analysis of lipid metabolism-related genes in C33A
and CaSki cells showed that the expression of PTGS2 was
upregulated in CaSki cells, but the NAPEPLD, LCAT, PPARG,
SCD, SCD5, FADS2, FABP7, CPTIA, ACSLI and CD36 genes
were downregulated compared with C33A cells. PTGS2 is a key
rate-limiting enzyme that catalyses the synthesis of prostaglandin
from arachidonic acid. The tendency of mRNA expression
corresponded with the metabolomics results. The NAPEPLD gene
is a kind of phospholipase type D enzyme. The function of LCAT is
to transfer the unsaturated FA located in C2 of lecithin, which can
raise high-density lipoprotein (HDL) levels in the blood to free
cholesterol and then generate lysolecithin as well as cholesterol
ester. To overcome lipotoxicity, cancer cells overexpress different
subtypes of stearoyl-coenzyme A desaturase (SCD). The SCDI and
SCD5 genes are both members of the fatty acid desaturase (FADS)
family, encoding some proteins involved in FA biosynthesis that
catalyse stearic acid and palmitic acid to produce MUFAs (such as
oleic acid and palmitoleic acid). When the cells are free of
exogenous lipid intake, the inhibition of SCDI induces ferroptosis
and cell apoptosis (21). However, metabolomics showed that oleic
acid, linolenic acid and arachidonic acid levels in CaSki cells were
significantly higher than those in C33A cells, possibly because
oleoyl glycine, oleoylcarnitine, oleoylethanolamide and N-oleoyl
tyrosine were significantly higher in C33A cells than in CaSki cells.
Oleic acid in C33A cells was rapidly converted into the above oleic
acid derivatives and subsequently responsible for lower oleic acid
levels in the cells. FADS2 is involved in the biosynthesis of PUFAs
from essential PUFA precursors, such as linoleic acid and o-
linolenic acid. FABP7 binds to long-chain FAs and other
hydrophobic ligands. The role of FABPs includes FA uptake,
transportation and metabolism, while CD36 accelerates FA
absorption and transportation. PPARG is a key regulator of
adipocyte differentiation and is also closely associated with
obesity, diabetes, atherosclerosis and cancer (22). Carnitine
palmitoyltransferase 1 (CPT1) converts FA chains into
acylcarnitine and shuttles in mitochondria for oxidation and
energy production, thereby reducing TG content (23). The results
of RT-qPCR also confirmed that CPTIA was highly expressed in
C33A cells.All the above data indicate abnormal lipid metabolism in
Caski cells. However, given the cellular heterogeneity between
C33A and Caski, it is difficult to answer the correlation between
lipid metabolism abnormalities in Caski cells and the integration of
HPV DNA into the genome, Recently, Yang et al (24). reported that
Caski cells were subjected to whole genome sequencing using the
Nanopore Long Read Sequencing method. The sequencing results
showed that there were 448 HPV integrations in the genome of
Caski cells, GO analysis of HPV integration site genes showed that
this integration led to significant changes in the plasma membrane
of Caski cells (Figure S7). One of these integrations is right between
GSTM5P1 and PPARG (Table S8), Coincidently, our RT-qPCR
analysis showed that HPV integration led to downregulation of
PPARG expression. whether HPV genes drive downregulation of
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PPARG expression deserves further research and clarification.
PPARG is a key upstream regulatory gene in lipid metabolism
(22). The change in its expression may be the root cause of
abnormal lipid metabolism in Caski cells. In addition, HPV E6
regulates lipid metabolic pathways in part because of its interaction
with p53. p53 is directly related to lipogenesis and carcinogenesis.
Unrelated to tumour inhibition, p53 also functions as a novel
regulatory factor of liver lipid metabolism through microarray
analysis of human hepatogenic cells. Namely, p53 genes
regulating lipid metabolism were found to affect systemic lipid
homeostasis and the development of atherosclerosis from
intracellular ceramide and FA metabolism to the regulation of
systemic lipid absorption and lipoprotein metabolism (25). P53 is
a kind of lipid regulatory inhibitor that restrains the lipogenesis of
sterol-regulatory element binding protein 1c¢ (SREBP1C) (26). In
contrast, p53 deficiency promotes lipid accumulation (27). HPV E6
indirectly binds to p53 in host cells through ubiquitination
degradation, which damages the normal apoptosis and cell cycle
regulation mechanism mediated by p53. Therefore, p53 deficiency
in HPV Eé6-infected cell lines may reconstruct lipid homeostasis in
tumour cells. We found that the majority of DG, TG and FAs (such
as eicosapentaenoic acid, arachidonic acid, oleic acid, and
hexadecanedioic acid) were expressed at a higher level in CaSki
than in C33A. This high expression is usually coupled with p53
mutations in HPV-negative CC (4). Approximately 50% of human
cancers carry mutant forms of p53 that not only negate the
anticancer properties of wild-type p53 but also promote cancer
progression (28). In addition, mutated p53 increased the expression
of genes involved in FA synthesis (such as fatty acid synthase,
FASN). Since the mevalonic acid pathway is associated with
malignant characteristics (29-31), its disorder is correlated with
mutated p53 and poor prognosis in breast cancer patients.
Therefore, we can preliminarily determine that the genotype of
CC is associated with poor prognosis by recognizing the differences
in lipid metabolites after the interaction between p53 and different
types of CC.

We conducted metabolic profile analysis of the CC cell lines
C33A and CaSki with or without HPV and first demonstrated
significant differences in amino acid, nucleotide and lipid
metabolism. Correlation analysis between cellular differential
molecules and transcriptomic data showed that transcription
differences of lipid genes could commendably reflect lipid
metabolism differences in metabolomics in C33A and CaSki. We
hypothesized that CaSki cells can reduce the expression of p53
protein, which promotes the synthesis of TG and inhibits lysoFAs as
well as polar FA derivatives by regulating lipid metabolism through
HPV16 E6. Although there are mutations in the p53 gene of C33A
cells, the single site mutation limits the maintenance of p53 in
normal FA metabolism. The above conclusions still must be
confirmed by further studies. In conclusion, we performed lipid
metabolism analysis of CC systems with and without HR-HPV by
integrating metabolomics and transcriptomic data, which could
facilitate the development of novel therapeutic targets and
biomarkers for this disease. Future studies with many patients are
necessary to verify these findings and investigate the potential
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clinical application of this knowledge in CC, in which the high lipid
metabolism of CaSki could also provide new directions for the
treatment of CC with HR-HPV infection.

4 Materials and methods
4.1 Instruments and reagents

AcquityTM ultrahigh-performance liquid chromatography
(UPLC) system, Xevo G2-XS Q/TOF mass spectrometer (MS),
Progenesis QI software and AcquityTM UPLC HSS T3
chromatographic column (100 mmx2.1 mm, 1.8 um) (Waters,
USA); SIMCA software (Umetrics, Sweden); 5427R centrifuge
(Ebender AG, Germany); Milli-Q ultrapure water system
(Millipore, USA); Chromatography used methanol, acetonitrile,
isopropyl alcohol and ammonium acetate (Merck, Germany);
FBS, DMEM, RPMI 1640 and penicillin/streptomycin (Gibco,
South America); PBS (Biyuntian, China); SYBR GREENI PCR
Mix and reverse transcription kit (Vazyme, China); RNA
extraction kit (Tiangen, China); Triglyceride detection kit
(Elabscience, China); Oil red O staining solution (Solarbio, China).

4.2 Cell culture and sample preparation

C33A (HPV negative) and CaSki (HPV16) cervical cell lines
were purchased from American Tissue Culture Collection (ATCC).
C33A cells were cultured in Dulbecco’s modified Eagle medium
(DMEM), and CaSki cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium. The medium was supplemented
with 10% (v/v) foetal bovine serum (FBS) and 1% penicillin
—streptomycin. We cultured the cells at 37°C and 5% CO, for
proliferation. Cells were harvested for the assay until they reached a
cell density of approximately 1x10” cells/mL. The culture medium
was discarded and washed twice with precooled PBS solution. The
cells were rapidly quenched in liquid nitrogen, and 600 pL of
precooled methanol/water (4:1, v/v) was added to the culture flasks.
The cells were carefully scraped out with a cell scraper, suctioned
into a 2 mL centrifuge tube and washed again. The cells were finally
stored at -80°C for subsequent testing.

The hydrophobic and hydrophilic components of the
formulation were separated by the modified Bligh-Dyer method
(32), briefly, Cell cultures were concentrated and dried under
vacuum, and then 350 UL of precooled methanol/water (2:1, v/v)
and methylene chloride were added and mixed for 2 min. Cell
suspensions were centrifuged at 4°C and 14000 r/min for 10 min,
separating the upper and lower layers. The supernatant was
analysed by adding 100 pL acetonitrile/water (2:1, v/v) to the
upper layer for dissolution. The lower layer was dissolved in 500
UL of isopropanol/acetonitrile/water (2:1:1, v/v) in a vortex and
diluted for analysis.
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4.3 Chromatography and mass spectrum
conditions

Upper layer (polar parts): For metabolite profiling, The mobile
phase is 0.1% acetonitrile formate (A) and 0.1% formate water
Solution (B), The solvent gradient was as follows: 0.0-3.5 min, 2-3%
solvent A; 3.5-7.5 min, 3%-35% solvent A; 7.5-14.5 min, 35%-100%
solvent A; 14.5-17.5 min, 100% solvent A. The flow rate was 0.4 mL
min". The chromatographic column temperature was maintained
at 40°C.

Lower layer (nonpolar parts): For metabolite profiling, mobile
phase A was isopropanol/acetonitrile (9:1, v/v), and mobile phase B
was acetonitrile/water (3:2, v/v), with both solvents containing 0.1%
methanoic acid and 10 mM ammonium formate. The solvent
gradient was as follows: 0.0-2.8 min, 30%-43% A; 2.8-3.3 min,
43%-50% A; 3.3-9.0 min, 50%-70% A; 9.0-14.0 min, 70%-99% A;
14.0-16.0 min, 99% A. The flow rate was 0.35 mL min'. The
chromatographic column temperature was maintained at 40°C.

The temperature of electron spray ionization (ESI) we used was
110°C. The capillary voltage was 3.0 kV (-3.0 kV). The cone voltage
of the samples was 40 V (-40 V). The desolvation gas (N2) flow was
800 L/h with a temperature of 450°C. The cone gas (N2) flow was 40
L/h, and the scanning range was m/z 50-1000. Leucine enkephalin
was used for real-time recalibration of the mass axis. The data
collection mode is MSe (waters_connect platform).

4.4 Data processing and statistics

All MS data, including retention times, m/z and ion intensities,
were extracted using Progenesis QI software (Waters, Milford, MA,
USA), which was applied for noise reduction (NR), peak picking
(create markers) by automatic default setting, peak alignment by a
reference QC sample with full spectrum and normalization to all
components. The matrix was then analysed through principal
component analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA) using SIMCA-P+ software
(version 14.0, Umetrics, Sweden). Differential metabolites were
identified using the LipidView " database and Progenesis QI
software (Waters, Milford, MA, USA). Volcano plots were
constructed by R studio. The raw UPLC-Q-TOF-MS data used in
this study have been deposited to the MetaboLights Consortium
(https://www.ebi.ac.uk/metabolights/studies) with the dataset
identifier MTBLS7515.

The metabolome data were imported into MetaboAnalyst
(https://www.metaboanalyst.ca/, Last accessed January 16, 2023).
The parameters “normalization by sum”, “log transformation (base
10)” and “auto scaling (mean-centred and divided by the standard
deviation of each variable)” were applied for data normalization,
logarithmic transformation and standardization scaling. The
differences in metabolite expression were analysed in depth, and
heatmap analysis and biomarker analysis (classical univariate ROC
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curve analyses) were conducted according to metabolites.
MetaboAnalyst “Network Explorer” was also used for gene and
metabolite association analysis.

The transcriptome data of CaSki (GSE158033) and C33A
(GSE48926) were downloaded from NCBI GEO DataSets (https://
www.ncbi.nlm.nih.gov/). FastQC v0.11.9,TrimGalore v0.6.7
(Babraham Institute, UK) and cutadapt v1.18package (33) were
used for data quality control. Additionally, Salmon v1.5.2 (34) was
adopted to obtain quantitative gene expression information based
on the GRCh38 genome. The data of two groups were normalized
using the quantile normalization method. Limma v3.52.4 package
(35) was used for differential expression analysis. The differentially
expressed genes (| logFC | > 1 and FDR < 0.01) that were subjected
to GO and KEGG enrichment analysis through clusterProfiler
v4.4.4 (36) were screened according to the threshold value. The
bubble chart and histogram were constructed by GraphPad Prism
8.4.3 software(GraphPad Software, USA).

4.5 RNA extraction and RT—gPCR detection

RNA was extracted from C33A and CaSki cells without any
treatment. The RNA extraction procedure was carried out in strict
accordance with the kit instructions. Total RNA was reverse-
transcribed using a HiScript III 1st Strand cDNA Synthesis Kit
(+gDNA wiper) after concentration determination. The ChamQ
Universal SYBR qPCR Master Mix kit was used to detect the
expression differences of various FA synthesis genes. EF1A was
used as the internal reference gene. The cycle threshold (Ct) value
was obtained by RT-qPCR amplification. The relative gene
expression difference was calculated by the 22*Ct method. The
primer sets used in the experiment are listed in Table S9).

The PCR system consisted of 10 pL of PCR Mix, 4 uL of
template cDNA, 0.5 uL of forwards and reverse primers and 5.5 uL
of ddH,O. PCR amplification conditions were initial denaturation
at 95°C for 30 s, 95°C for 15 s, 60°C for 60 s (fluorescence collection)
and 40 cycles in total. The melt curve procedures were 95°C for 30 s,
55°C for 15 s and 95°C for 15 s. The fluorescence was collected every
0.3°C.

4.6 Glyceride detection

The cell count was needed before glyceride detection.
Approximately 1x10° cells were collected, and 100 pL
isopropanol was added into the pellets for the mechanical
homogenate, centrifuged 10000 g at 4°C for 10 min, and then 10
UL supernatant was taken for the following experiments. The
experiment also included a group of standard and blank wells,
which were set in three duplicates, and 250 UL of enzyme working
mixture was added to each well and incubated at 37°C for 10 min.
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The OD values of each well were measured at 510 nm with a
microplate reader. The experiment was repeated three times. The
GPO-POD method of Elabscience® company was used for the
detection of glyceride.

4.7 Oil red O staining

The lipid content of the cells was measured using the Oil Red O
stain kit (Solarbio, China) in accordance with the corresponding
instructions. C33A and CaSki cells were fixed with oil red O
stationary liquid for 30 min in this assay until they reached a
confluence of 70%-80%. Then, the cells were stained with oil red O
staining solution for 15 min, and nuclei were dyed using Mayer
haematoxylin for 1-2 min. Oil red O buffer solution was added to
distilled water for microscope observation after 1 min.

4.8 Statistics and analysis

SPSS 22.0 software(IBM, USA) was used for statistical
processing of relevant data. All experiments were independently
repeated three times. One-way analysis of variance (ANOVA) was
used to compare the means of multiple groups, and the results are
presented as the mean + SD. A p value < 0.05 was considered to
indicate a statistically significant result. Differential metabolites
were screened according to a variable importance in projection
(VIP) score of >1.0, multiples of change between groups < 0.5 or >
2.0, and p < 0.05 was considered significant. Spearman analysis was
used to analyse the correlation between the relative expression level
of cells and the difference in metabolites in the two groups. Plots
were constructed by Graphpad Prism 8.4.3 (GraphPad Software,
USA)in addition to the other software automatically
generated images.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

Ethical approval was not required for the study involving
humans in accordance with the local legislation and institutional
requirements. Written informed consent to participate in this study
was not required from the participants or the participants’ legal
guardians/next of kin in accordance with the national legislation
and the institutional requirements.

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3389/fonc.2023.1194462
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Liu et al.

Author contributions

Conceived and designed the experiments: XL and XCh. Performed
the systematic review: TL, YL and YW. Performed the bioinformatic
analyses: YZ and XCa. Performed the experiments: SH and TS.
Prepared the manuscript: XL, YZ, JD and XCh. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by grants from the National Natural
Science Foundation of China (82002744), Scientific research project of
Health Commission of Hubei Province (No.WJ2021M219), The Young
Top-notch Talent Cultivation Program of Hubei Province (No. HBP-
[2021]10), The Natural Science Foundation of Hubei Province of China
(2022CFB173) and Science and Technology Research Project of
Education Department of Hubei Province (B2022101).

Acknowledgments

We thank Bao Yang (Hubei Minzu University) for the technical
support and proofreading.

References

1. Bosch FX, Manos MM, Munoz N, Sherman M, Jansen AM, Peto J, et al.
Prevalence of human papillomavirus in cervical cancer: a worldwide perspective.
International biological study on cervical cancer (IBSCC) Study Group. J Natl
Cancer Inst (1995) 87(11):796-802. doi: 10.1097/00006254-199510000-00015

2. Tommasino M. The human papillomavirus family and its role in carcinogenesis.
Semin Cancer Biol (2014) 26:13-21. doi: 10.1016/j.semcancer.2013.11.002

3. Klingelhutz AJ, Roman A. Cellular transformation by human papillomaviruses:
lessons learned by comparing high- and low-risk viruses. Virology (2012) 424(2):77-98.
doi: 10.1016/j.virol.2011.12.018

4. Fujita M, Inoue M, Tanizawa O, Iwamoto S, Enomoto T. Alterations of the p53
gene in human primary cervical carcinoma with and without human papillomavirus
infection. Cancer Res (1992) 52(19):5323-8. doi: 10.1056/NEJMo0a1806395

5. Ramirez PT, Frumovitz M, Pareja R, Lopez A, Vieira M, Ribeiro R, et al .
Minimally invasive versus abdominal radical hysterectomy for cervical cancer. N Engl |
Med (2018) 379(20):1895-904. doi: 10.1056/NEJMo0al806395

6. Mabuchi S, Matsumoto Y, Kawano M, Minami K, Seo Y, Sasano T, et al. Uterine
cervical cancer displaying tumor-related leukocytosis: a distinct clinical entity with
radioresistant feature. ] Natl Cancer Inst (2014) 106(7):djul47. doi: 10.1093/jnci/djul47

7. Hoang G, Udupa S, Le A. Application of metabolomics technologies toward
cancer prognosis and therapy. Int Rev Cell Mol Biol (2019) 347:191-223. doi: 10.1016/
bs.ircmb.2019.07.003

8. Sen P, Ganguly P, Kulkarni KK, Budhwar R, Ganguly N. Differential
transcriptome analysis in HPV-positive and HPV-negative cervical cancer cells
through CRISPR knockout of miR-214. J Biosci (2020) 45:104. doi: 10.1007/s12038-
020-00075-w

9. Wang RC, Lee EE, Zhao J, Kim ]. Assessment of the abundance and potential
function of human papillomavirus type 16 circular E7 RNA. mBio (2022) 13(3):
€0041122. doi: 10.1128/mbio.00411-22

10. Uzunparmak B, Gao M, Lindemann A, Erikson K, Wang L, Lin E, et al. Caspase-
8 loss radiosensitizes head and neck squamous cell carcinoma to SMAC mimetic-
induced necroptosis. JCI Insight (2020) 5(23):¢139837. doi: 10.1172/jci.insight.139837

11. Subtil-Rodriguez A, Vazquez-Chavez E, Ceballos-Chavez M, Rodriguez-Paredes
M, Martin-Subero JI, Esteller M, et al. The chromatin remodeller CHDS is required for
E2F-dependent transcription activation of S-phase genes. Nucleic Acids Res (2014) 42
(4):2185-96. doi: 10.1093/nar/gkt1161

Frontiers in Oncology

13

10.3389/fonc.2023.1194462

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1194462/
full#supplementary-material

12. Huang Z, Kong W, Wong BJ, Gao H, Guo T, Liu X, et al. Proteomic datasets of
HeLa and SiHa cell lines acquired by DDA-PASEF and diaPASEF. Data Brief (2022)
41:107919. doi: 10.1016/j.dib.2022.107919

13. Pappa KI, Daskalakis G, Anagnou NP. Metabolic rewiring is associated with
HPV-specific profiles in cervical cancer cell lines. Sci Rep (2021) 11(1):17718.
doi: 10.1038/541598-021-96038-8

14. Yu L, Wu M, Zhu G, Xu Y. Emerging roles of the tumor suppressor p53 in
metabolism. Front Cell Dev Biol (2021) 9:762742. doi: 10.3389/fcell.2021.762742

15. Ross-Inta CM, Zhang YF, Almendares A, Giulivi C. Threonine-deficient diets
induced changes in hepatic bioenergetics. Am J Physiol Gastrointest Liver Physiol (2009)
296(5):G1130-9. doi: 10.1152/ajpgi.90545.2008

16. Yap YW, Rusu PM, Chan AY, Fam BC, Jungmann A, Solon-Biet SM, et al.
Restriction of essential amino acids dictates the systemic metabolic response to dietary
protein dilution. Nat Commun (2020) 11(1):2894. doi: 10.1038/s41467-020-16568-z

17. Ma Q, Zhou X, Sun Y, Hu L, Zhu ], Shao C, et al. Threonine, but not lysine and
methionine, reduces fat accumulation by regulating lipid metabolism in obese mice. ]
Agric Food Chem (2020) 68(17):4876-83. doi: 10.1021/acs.jafc.0c01023

18. Maan M, Peters JM, Dutta M, Patterson AD. Lipid metabolism and lipophagy in
cancer. Biochem Biophys Res Commun (2018) 504(3):582-9. doi: 10.1016/
j.bbrc.2018.02.097

19. Zheng ], Conrad M. The metabolic underpinnings of ferroptosis. Cell Metab
(2020) 32(6):920-37. doi: 10.1016/j.cmet.2020.10.011

20. Li H, Ning S, Ghandi M, Kryukov GV, Gopal S, Deik A, et al. The landscape of
cancer cell line metabolism. Nat Med (2019) 25(5):850-60. doi: 10.1038/s41591-019-
0404-8

21. Tesfay L, Paul BT, Konstorum A, Deng Z, Cox AO, Lee J, et al. Stearoyl-CoA
desaturase 1 protects ovarian cancer cells from ferroptotic cell death. Cancer Res (2019)
79(20):5355-66. doi: 10.1158/0008-5472.CAN-19-0369

22. Montaigne D, Butruille L, Staels B. PPAR control of metabolism and
cardiovascular functions. Nat Rev Cardiol (2021) 18(12):809-23. doi: 10.1038/
541569-021-00569-6

23. Cheng X, Geng F, Pan M, Wu X, Zhong Y, Wang C, et al. Targeting DGAT1
ameliorates glioblastoma by increasing fat catabolism and oxidative stress. Cell Metab
(2020) 32(2):229-42.¢8. doi: 10.1016/j.cmet.2020.06.002

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1194462/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1194462/full#supplementary-material
https://doi.org/10.1097/00006254-199510000-00015
https://doi.org/10.1016/j.semcancer.2013.11.002
https://doi.org/10.1016/j.virol.2011.12.018
https://doi.org/10.1056/NEJMoa1806395
https://doi.org/10.1056/NEJMoa1806395
https://doi.org/10.1093/jnci/dju147
https://doi.org/10.1016/bs.ircmb.2019.07.003
https://doi.org/10.1016/bs.ircmb.2019.07.003
https://doi.org/10.1007/s12038-020-00075-w
https://doi.org/10.1007/s12038-020-00075-w
https://doi.org/10.1128/mbio.00411-22
https://doi.org/10.1172/jci.insight.139837
https://doi.org/10.1093/nar/gkt1161
https://doi.org/10.1016/j.dib.2022.107919
https://doi.org/10.1038/s41598-021-96038-8
https://doi.org/10.3389/fcell.2021.762742
https://doi.org/10.1152/ajpgi.90545.2008
https://doi.org/10.1038/s41467-020-16568-z
https://doi.org/10.1021/acs.jafc.0c01023
https://doi.org/10.1016/j.bbrc.2018.02.097
https://doi.org/10.1016/j.bbrc.2018.02.097
https://doi.org/10.1016/j.cmet.2020.10.011
https://doi.org/10.1038/s41591-019-0404-8
https://doi.org/10.1038/s41591-019-0404-8
https://doi.org/10.1158/0008-5472.CAN-19-0369
https://doi.org/10.1038/s41569-021-00569-6
https://doi.org/10.1038/s41569-021-00569-6
https://doi.org/10.1016/j.cmet.2020.06.002
https://doi.org/10.3389/fonc.2023.1194462
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Liu et al.

24. Yang S, Zhao Q, Tang L, Chen Z, Wu Z, Li K, et al. Whole genome assembly of
human papillomavirus by nanopore long-read sequencing. Front Genet (2021)
12:798608. doi: 10.3389/fgene.2021.798608

25. Goldstein I, Ezra O, Rivlin N, Molchadsky A, Madar S, Goldfinger N, et al. p53, a
novel regulator of lipid metabolism pathways. ] Hepatol (2012) 56(3):656-62. doi: 10.1016/
jjhep.2011.08.022

26. Wu H, Ng R, Chen X, Steer CJ, Song G. MicroRNA-21 is a potential link between
non-alcoholic fatty liver disease and hepatocellular carcinoma via modulation of the HBP1-
p53-Srebplc pathway. Gut (2016) 65(11):1850-60. doi: 10.1136/gutjnl-2014-308430

27. Wang X, Zhao X, Gao X, Mei Y, Wu M. A new role of p53 in regulating lipid
metabolism. J Mol Cell Biol (2013) 5(2):147-50. doi: 10.1093/jmcb/mjs064

28. Brosh R, Rotter V. When mutants gain new powers: news from the mutant p53
field. Nat Rev Cancer (2009) 9(10):701-13. doi: 10.1038/nrc2693

29. Freed-Pastor WA, Mizuno H, Zhao X, Langerod A, Moon SH, Rodriguez-
Barrueco R, et al. Mutant p53 disrupts mammary tissue architecture via the mevalonate
pathway. Cell (2012) 148(1-2):244-58. doi: 10.1016/j.cell.2011.12.017

30. Clendening JW, Pandyra A, Boutros PC, El Ghamrasni S, Khosravi F, Trentin

GA, et al. Dysregulation of the mevalonate pathway promotes transformation. Proc
Natl Acad Sci USA (2010) 107(34):15051-6. doi: 10.1073/pnas.0910258107

Frontiers in Oncology

14

10.3389/fonc.2023.1194462

31. Koyuturk M, Ersoz M, Altiok N. Simvastatin induces apoptosis in human
breast cancer cells: p53 and estrogen receptor independent pathway requiring
signalling through JNK. Cancer Lett (2007) 250(2):220-8. doi: 10.1016/
j.canlet.2006.10.009

32. Lukawski M, Dalek P, Borowik T, Forys A, Langner M, Witkiewicz W, et al. New
oral liposomal vitamin C formulation: properties and bioavailability. J Liposome Res
(2020) 30(3):227-34. doi: 10.1080/08982104.2019.1630642

33. Kechin A, Boyarskikh U, Kel A, Filipenko M. cutPrimers: A new tool for accurate
cutting of primers from reads of targeted next generation sequencing. ] Comput Biol
(2017) 24(11):1138-43. doi: 10.1089/cmb.2017.0096

34. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast and
bias-aware quantification of transcript expression. Nat Methods (2017) 14(4):417-9.
doi: 10.1038/nmeth.4197

35. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic
Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

36. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A universal
enrichment tool for interpreting omics data. Innovation (Camb) (2021) 2(3):100141.
doi: 10.1016/j.xinn.2021.100141

frontiersin.org


https://doi.org/10.3389/fgene.2021.798608
https://doi.org/10.1016/j.jhep.2011.08.022
https://doi.org/10.1016/j.jhep.2011.08.022
https://doi.org/10.1136/gutjnl-2014-308430
https://doi.org/10.1093/jmcb/mjs064
https://doi.org/10.1038/nrc2693
https://doi.org/10.1016/j.cell.2011.12.017
https://doi.org/10.1073/pnas.0910258107
https://doi.org/10.1016/j.canlet.2006.10.009
https://doi.org/10.1016/j.canlet.2006.10.009
https://doi.org/10.1080/08982104.2019.1630642
https://doi.org/10.1089/cmb.2017.0096
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.3389/fonc.2023.1194462
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Multiomics analysis of metabolic heterogeneity in cervical cancer cell lines with or without HPV
	1 Introduction
	2 Results
	2.1 Typical total ion counting (TIC) and methodological verification
	2.2 Multivariate statistical analysis
	2.3 Analysis of the metabolite differences between C33A and CaSki
	2.4 Enrichment and metabolic pathway analysis of C33A and CaSki
	2.5 Transcriptomic analysis and correlation analysis with metabolomics
	2.6 Lipid metabolism gene validation, oil red assay and total glyceride detection

	3 Discussion
	4 Materials and methods
	4.1 Instruments and reagents
	4.2 Cell culture and sample preparation
	4.3 Chromatography and mass spectrum conditions
	4.4 Data processing and statistics
	4.5 RNA extraction and RT&minus;qPCR detection
	4.6 Glyceride detection
	4.7 Oil red O staining
	4.8 Statistics and analysis

	Data availability statement
	Ethics statement
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


