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Background: Cervical cancer is the second most common female malignancy worldwide. The main
method to evaluate the effect of concurrent chemoradiotherapy (CCRT) in the locally advanced stage
is imaging which cannot meet the clinical needs. This study aimed to explore potential cervical cancer
biomarkers via plasma metabolomics and evaluate the effectiveness of CCRT and disease progression.
Methods: Twenty-four primary and thirty recurrent patients were enrolled between November 2016 and
November 2017. Plasma samples were obtained by centrifugation of whole blood collected from enrolled
patients at admission and from primary patients after CCRT. Plasma metabolic profiles were determined via
ultra-performance liquid chromatography with quadrupole time-of-flight mass spectrometry. Multivariate
analyses and public databases were used to screen and identify differential metabolites. Pathway analysis was
conducted using MetaboAnalyst.

Results: Metabolic profiles obtained were significantly different among primary, post-CCRT-treated,
and recurrent patients. Multivariate analyses showed that 37 metabolites differed significantly among the
three groups, of which the levels of 22 metabolites changed significantly after CCRT and recovered or even
exceeded the levels in primary patients when the tumor reappeared. These 22 metabolites were mainly
lipids involved in sphingolipid and glycerophospholipid metabolism. Among them, 8 metabolites with area
under curve values above 0.75 between each pair of groups exhibited great potential for evaluating CCRT
effectiveness and disease progression.

Conclusions: Our results show significantly different plasma metabolic profiles among the three cervical
cancer groups; 8 metabolites were identified as potential biomarkers to evaluate the effectiveness of CCRT
and disease progression, which can help evaluate the prognosis and treatment of cervical cancer in a timely

manner.
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Introduction

Cervical cancer is the second most common gynecological
malignancy worldwide, with an estimated 570,000 new cases
and 311,000 deaths in 2018, thus making it a major public
health problem (1). Approximately two-thirds of patients
in developing countries are already in a locally advanced
tumor stage when diagnosed (2). The main treatment
for patients with locally advanced stage is concurrent
chemoradiotherapy (CCRT), followed by evaluation of the
effectiveness of therapy by imaging and tumor biomarkers
(3,4). However, the assessment function of imaging for
the primary and tiny lymph node metastases lesions after
treatment, as well as the sensitivity and specificity of tumor
biomarkers such as squamous cell carcinoma antigen are not
sufficient to meet the clinical needs (5,6).

With the development of metabolomics, the previously
dismissed notion of cancer as a metabolic disease has
regained prominence (7,8). In recent studies, metabolomics
was used to discuss the diagnosis of cervical cancer and the
effectiveness of neoadjuvant chemotherapy, which provided
scientific evidence for the further study (9). However,
the application of this approach in the effectiveness of
CCRT has not been reported. Ultra-performance liquid
chromatography with quadrupole time-of-flight mass
spectrometry (UPLC-Q-TOF/MS) was performed to
describe the metabolic profiles of primary, post-CCRT, and
recurrent cervical cancer patients and to identify potential
biomarkers for evaluating the effectiveness of CCRT and
disease progression of cervical cancer patients to provide
scientific evidence for providing timely treatment.

Methods
Patients

This study was approved by the Ethics Committee at
Harbin Medical University in Harbin, China. From
Harbin Medical University Cancer Hospital, the patients
were enrolled who met the following inclusion criteria:
they had been diagnosed with stage IB-IIIB cervical
squamous cell carcinoma (CSCC) via physical examination,
histopathology, and imaging tests; were primary patients
who had no prior cervical cancer-related treatment and the
following treatment was CCRT, or were patients diagnosed
with local recurrence or distant metastasis; had no other
malignant tumors; and had no other metabolic diseases,
like diabetes. The exclusion criteria included: the inability
to undergo imaging tests; missing clinical data; drop-out
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or changed treatment during the study period. Written
informed consent was obtained from each enrolled patient
before participation in the study.

Treatment regimen

Eligible primary patients received 5-6 cycles of CCRT.
External beam radiotherapy was performed with a dose
of 1.8 Gy per fraction five times per week with a total
dose of 45-51 Gy, and the dose was increased to 63.5 Gy
in areas which were lymph-node-positive. Intra-cavity
brachytherapy was performed to point A (a reference
location 2 c¢m lateral and 2 c¢m superior to the cervical os)
one time per week during external beam radiotherapy with
a total dose was 30 Gy. Meanwhile, platinum-based drugs
were administered at a dose of 40 mg once per week. The
treatment regimens of recurrent patients were developed by
clinicians according to the patients’ personal situation.

Response evaluation

The response evaluation of primary patients was based on
the response evaluation criteria in solid tumors (version 1.1)
and was classified as follows: complete response signified
that all target lesions had disappeared; partial response was
defined as at least 30% decrease in the sum of the largest
diameter of the target lesions; stable disease signified that
there had been no significant decrease in the size of target
lesions, based on the smallest sum of the largest diameter;
progressive disease was defined as at least 20% increase in
the sum of the largest diameter of the target lesions.

Plasma samples

The plasma samples were collected from all patients on
admission and from primary patients after CCRT. After
fasting and avoiding medication and alcohol for 12 h, 5 mL
of whole blood from each patient was collected into a
heparin sodium anticoagulation tube. Fresh blood was
centrifuged at 3,000 rpm for 10 min at room temperature,
and the supernatant was collected and frozen at -80 °C until
analysis.

Quality control samples

To ensure the stability and repeatability of the UPLC-
Q-TOF/MS system, quality control samples that were
prepared by mixing equal volumes of different individual
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plasma samples were used in both electrospray ionization
positive and negative modes. One quality control sample
was run after every eight test samples.

Sample pretreatment

After thawing at room temperature, the plasma sample
(80 pL) was transferred into a 1.5-mL centrifuge tube, mixed
with 10 pL internal standard (L-2-chlorophenylalanine,
0.3 mg/mL), and vortexed for 10 s. Next, 240 pL of a
mixture of methanol and acetonitrile (1:1) was prepared
and vortexed for 1 min. The mixture was then ultrasound
extracted in an ice water bath for 10 min and allowed to
stand at =20 °C for 30 min. After centrifugation for 15 min
at 4 °C, the supernatant (200 pL) was transferred into an LC
vial and stored at -80 °C until injection analysis.

Chromatography

A pretreated sample (5 pL) was injected into an ACQUITY
UPLC BEH C18 column (100x 2.1 mm, id. 1.7 pm; Waters,
Milford, USA) using the ACQUITY UPLC system (Waters,
Milford, USA). The mobile phase was a mixture of water
containing 0.1% formic acid (A) and acetonitrile containing
0.1% formic acid (B). The elution gradient was as follows:
5-20% B for 0-2 min; 20-60% B for 2—4 min; 60-100%
B for 4-11 min; 11-13 min, held at 100% B; 13-13.5 min,
decreased to 5% Bj; and 13.5-14.5 min, held at 5% B. The
mobile phase flow rate was 0.40 mL-min™" at 45 °C.

Mass spectrometry

Mass spectrometry was performed using an AB Triple
TOF 5600 (AB Sciex, USA) equipped in both electrospray
ionization modes. The ion spray voltage was set at 5.5 kV
for positive mode and 4.5 kV for negative mode. The ion
source temperature was 550 °C, and the centroid data were
collected in full scan mode from 70 to 1,000 m/z.

Data preprocessing

The raw data files were imported to Progenesis QI software
(Waters, Milford, USA) for preprocessing, which produced
a matrix containing retention time, m/z values, and peak
area, after baseline filtering, peak identification, integration,
retention time correction, peak alignment, and normalization.
In the matrix, the unique variable identification (ID) was
generated with the combination of retention time and m/z
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values in order to distinguish metabolites with significant
differences in both retention time modes.

Statistical analysis

After preprocessing, the matrix was imported into SIMCA
software (Umetrics, Umed, Sweden). Unsupervised
principle component analysis (PCA) was used to visualize
the overall distribution of the samples and the stability
of the analysis process. Then, the supervised partial least
squares-discriminant analysis (PLS-DA) and orthogonal
projection to latent structures discriminant analysis (OPLS-
DA) were performed to determine the global metabolic
differences between the two groups. Corresponding
variable importance in the projection values were calculated
in the OPLS-DA model. To prevent overfitting, the
200-response permutation test of the OPLS-DA model
was conducted to evaluate the quality of the model, and the
main parameter analyzed was Q2. If the intercept of Q2 was
found to negative, it was considered that the model lacked
overfitting.

Biomarker identification and selection

The differential metabolites that were selected using the
criteria of variable importance in the projection >1 and
P<0.05 were identified by comparison of exact m/z values
and MS/MS spectra with the structural information of the
metabolites obtained from Human Metabolome Database
(http://www.hmdb.ca/) and LIPID MAPS (http://www.
lipidmaps.org/). A Venn diagram was drawn based on ID
to screen for the differential metabolites among the three
groups. The metabolites with high variable importance
in the projection values were retained if repeated in both
modes. Receiver operating characteristic analysis was
performed using MetaboAnalyst 4.0 to screen for the
differential metabolites. The metabolites which had an
area under curve value above 0.75 were considered as
potential markers, and the multivariate receiver operating
characteristic analysis of these potential markers was
conducted based on PLS-DA.

Pathway analysis

Pathway analysis was conducted with MetaboAnalyst
4.0 and KEGG (https://www.genome.jp/kegg/pathway.
html). Pathways with P<0.05 were considered significantly
enriched pathways.
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Table 1 Demographic and clinical characteristics of the enrolled patients
Post-CCRT
Characteristics Primary Recurrent P value
CR PR

Number of subjects 24 11 13 30
Age (x+s) 53.5+8.3 56.6+10.0 50.9+5.7 53.318.6 0.425
BMI (x+s) 25.2+4.3 26.7+5.8 23.9+2.1 24.0+2.6 0.145
Marry age (v+s) 22.6+3.1 21.6+3.1 23.6+3.0 22.5+2.8 0.475
Pregnancy times (xs) 2.8+1.6 2.8+1.6 2.8+1.6 3.2+1.6 0.685
Births times (¥xs) 1.5+1.0 1.8+1.3 1.2+0.6 1.6+0.7 0.447
Abortion times (¥s) 1.3+1.4 1.0+1.0 1.5+1.7 1.7¢15 0.524
Primiparous age (xxs) 23.7+2.9 22.9+3.1 24.3+2.8 23.5+2.9 0.690
Amenorrhea (yes/no) 13/11 8/3 5/8 13/17 0.300
FIGO stage 0.121

| 0 0 0 5

Il 17 9 8 16

1] 7 2 5 9
Lymphatic metastasis (yes/no) 11/13 4/7 7/6 14/16 0.864
Squamous carcinoma 24 11 13 30
SCC-Ag (v+s) 12.7+16.2 0.9+0.2 1.0+0.5 5.8+10.9 0.008
Hemoglobin (xs) 116.9+24.6 109.7+10.4 109.7+15.2 119.9+11.3 0.194

BMI, body mass index; FIGO, the International Federation of Gynecology and Obstetrics; SCC-Ag, squamous cell carcinoma antigen;
CCRT, concurrent chemoradiotherapy; CR, complete response; PR, partial response.

Results
Demographic and clinical characteristics

Between November 2016 and November 2017, 24 primary
patients and 30 recurrent patients were enrolled in this
prospective study. According to the response evaluation
criteria in solid tumors, 11 of the 24 primary patients were
diagnosed as complete responses and 13 as partial responses
after CCRT. The baseline characteristics were comparable
in each group except for the squamous cell carcinoma
antigen levels (shown in Table 1).

Plasma metabolic profiles

Metabolic profiles of all samples

The PCA score plot (Figure SI) to visualize the metabolic
profiles of all samples revealed that the QC samples were
clustered densely. Because no clear separation was found
between CR and PR, these two groups were combined into
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one group (post-CCRT) for the following analysis.

Metabolic profiles of primary vs. post-CCRT patients
Although the PCA score plot (Figure 14) showed some
overlap, the PLS-DA and OPLS-DA score plots revealed
excellent classifications between primary and post-CCRT
patients (Figure 1B,C). A validation plot obtained from 200
permutation tests (Figure 1D) showed that all permuted
R2 and Q2 values on the left were lower than the original
values on the right, and the Q2 regression line in blue had
a negative intercept, indicating that the model prevented
overfitting and it was stable and credible. According to the
VIP >1 and P<0.05 criteria, 395 differential metabolites
between primary and post-CCRT patients were identified,
including 231 metabolites in the ESI+ mode and 164 in the
ESI- mode, of which 30 metabolites were duplicates.

Metabolic profiles of primary vs. recurrent patients
There was no clear separation between primary and
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Figure 1 Multivariate analyses for primary CSCC patients versus post-CCRT CSCC patients. (A) PCA score plot (8 components, R2X
=0.598, Q2 =0.317); (B) PLS-DA score plot (one component, R2Y =0.649, Q2 =0.374); (C) OPLS-DA score plot (two components, R2Y
=0.874, Q2 =0.473); (D) Validation plot. CSCC, cervical squamous cell carcinoma; CCRT, concurrent chemoradiotherapy; PCA, principle

component analysis; PLS-DA, partial least squares-discriminant analysis; OPLS-DA, orthogonal projection to latent structures discriminant

analysis.

recurrent patients in the PCA score plot (Figure 24), but
the PLS-DA and OPLS-DA score plots indicated that
these two groups were markedly divided into two categories
(Figure 2B,C). The validation plot strongly supported the
validity of the established OPLS-DA model (Figure 2D). A
total of 529 metabolites were significantly different between
primary and recurrent patients, including 321 ions in ESI+
mode and 208 in ESI- mode, of which 43 metabolites were
duplicates.

Metabolic profiles of post-CCRT vs. recurrent patients
As shown in the PCA, PLS-DA and OPLS-DA score plots,
there were clear differences between post-CCRT and
recurrent patients (Figure 34,B,C), and the validity of the
OPLS-DA model was supported by the result of validation
plots (Figure 3D). Based on the same criteria, there were
557 differential metabolites (325 metabolites in EST+
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mode and 232 in ESI- mode, of which 35 were duplicates)
between post-CCRT and recurrent patients.

Selection and dynamic changes of potential biomarkers

A Venn diagram (Figure 4) showed that a total of 39
metabolites were significantly different among the three
groups. After removing the duplicates, the clustering results
indicated that these 37 metabolites could clearly distinguish
between two groups (Figure S2). The detailed information
of these metabolites is listed in 7zble 2, and the dynamic
changes in their levels are shown in Figure 5. Twenty-one
metabolites in primary patients showed a significant increase
after CCRT, which were lowest in recurrent patients
(Figure 5A), whereas one metabolite, N-acetylornithine, showed
the opposite trend (Figure 5B). Among these 22 metabolites,

the areas under curve of the following 8 metabolites:

Transl Cancer Res 2020;9(4):2734-2747 | http://dx.doi.org/10.21037/tcr.2020.02.49



Translational Cancer Research, Vol 9, No 4 April 2020

A @ Primary
€ Recurrent

100 -

-100 L 4

-150 ———r
100 150

-200 -150 =100 -50 0 50
]

@ Primary
€9 Recurrent

—
o
o

o
o

b3
0”0

o

1.32209 * to[1]
|
[42]
o

-100 -

-150 g g ; ;
-150 -100  -50 0 50 100
1.00543 * t[1]

2739

@ Primary
80 1 € Recurrent

-100 : : - :
-150 -100 -50 0 50 100
t[1]

D Intercepts: R2=(0.0, 0.725), Q2=(0.0, —-0.427)

I
o
o
a
HE |
\
\
3
\
1

-0.2 0 0.2 0.4 0.6 0.8 1

Figure 2 Multivariate analyses for primary CSCC patients versus recurrent CSCC patients. (A) PCA score plot (8 components, R2X =0.604,
Q2 =0.371); (B) PLS-DA score plot (two components, R2Y =0.872, Q2 =0.660); (C) OPLS-DA score plot (three components, R2Y =0.939,
Q2 =0.742); (D) Validation plot. CSCC, cervical squamous cell carcinoma; PCA, principle component analysis; PLS-DA, partial least

squares-discriminant analysis; OPLS-DA, orthogonal projection to latent structures discriminant analysis.

ceramide [Cer (d18:1/16:0)], phosphatidylcholine [PC
(15:0/16:0)], PC (16:0/16:0), phosphatidylethanolamine
[PE (16:0/20:0)], PC (14:0/20:0), phosphatidylserine
[PS (17:0/22:2(13Z,1627))], phosphatidylglycerol [PG
(21:0/22:4(72,10Z,13Z,16Z))] and sphingomyelin [SM
(d18:1/20:0)], were above 0.75 (shown in Table 2). As shown
in Figure S3, the combined areas under curve were 0.854,
0.936, and 0.983 in primary versus post-CCRT patients,
primary versus recurrent patients, and post-CCRT versus
recurrent patients, respectively.

Pathway analysis

The 37 differential metabolites described above were used
for pathway analysis, and 7 pathways were enriched, of
which sphingolipid metabolism and glycerophospholipid
metabolism were enriched significantly based on Impact
>0.1 (Figure 6 and Tuble S1).
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Discussion

In this study, we collected the plasma samples from primary
patients both upon admission and after CCRT. To reduce
the heterogeneity of plasma samples between groups,
patients who were absent for the follow-up were excluded.
Because the use of metabolomics approaches limits the
collection time of the biological samples, we were unable to
follow-up the patients to observe the long-term prognostic
outcome. Thus, the plasma samples of patients with locally
recurrent or distant metastases were collected to eliminate
the effects of treatment on metabolites and to screen tumor
biomarkers more clearly.

Although no clear separation was found between
complete response and partial response, the plasma
metabolic profiles were obviously different among primary,
post-CCRT (complete response combined with partial
response) and recurrent cervical cancer patients with
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analysis.

locally advanced stages. After multivariate analyses, there
were 37 metabolites which were different between the two
groups. Among them, the levels of 22 metabolites, such
as Cer (d18:1/16:0) and N-acetylornithine, were changed
significantly, and they recovered or even exceeded the levels
in primary patients when the tumor reappeared. Therefore,
the dynamic changes of these 22 metabolites might be
caused by tumor.

Among the 22 metabolites mentioned above, 8
metabolites with AUCs above 0.75 between each pair
of groups, namely Cer (d18:1/16:0), PC (15:0/16:0),
PC (16:0/16:0), PE (16:0/20:0), PC (14:0/20:0), PS
[17:0/22:2(13Z,1627)], PG [21:0/22:4(7Z,10Z,13Z,16Z)]
and SM (d18:1/20:0), demonstrated great potential
for evaluating the effectiveness of CCRT and disease
progression. All of these 8 metabolites were phospholipids,
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which have many important biological functions, such
as material transportation, energy metabolism, and
signal transduction (10-12). Recent studies have shown
that abnormal phospholipid metabolism was closely
related to tumor occurrence, development, invasion, and
metastasis (13,14).

These 8 metabolites included 6 glycerophospholipids
and 2 sphingolipids, and they primarily enriched the
metabolic pathways of glycerophospholipid metabolism and
sphingolipid metabolism, respectively. Glycerophospholipid,
the most abundant phospholipid in biological organisms,
is a key component of the cell membrane and an important
bioactive substance in the body (15,16). The different
kinds of glycerophospholipids form a metabolic network
under the regulation of various enzymes, in which the
phosphatidylcholine and phosphatidylethanolamine are
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Figure 4 Venn diagram of the metabolites identified by
comparisons between the three groups. (A) 395 differential
metabolites in primary CSCC patients versus post-CCRT CSCC;
(B) 529 differential metabolites in primary CSCC patients versus
recurrent CSCC patients; (C) 557 differential metabolites in
post-CCRT CSCC patients versus recurrent CSCC patients.
CSCC, cervical squamous cell carcinoma; CCRT, concurrent

chemoradiotherapy.

mainly synthesized under the action of phosphocholine
cytidylyltransferase and cholinephosphotransferase, and
phosphatidylethanolamine can produce phosphatidylcholine
under the action of phosphatidylethanolamine
N-methyltransferase (17,18). Therefore, the content
of these types of glycerophospholipids is significantly
correlated. Phosphatidylcholine can produce arachidonic
acid through deacylation under the action of cytosolic
phospholipase A2 (19). Previous studies showed that the
expression cytosolic phospholipase A2 was significantly
increased in tumor cells, resulting in a decrease in
phosphatidylcholine and an increase in arachidonic acid (20),
whereas arachidonic acid and its downstream products
had a role in promoting tumor proliferation, invasion and
metastasis (21,22).

Sphingolipids are commonly found in cell membranes
and apolipoproteins, and are classified into sphingomyelin,
glycosphingolipid, and ceramide. Ceramide could

© Translational Cancer Research. All rights reserved.
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be generated by sphingomyelin under the action of
sphingomyelinase, which is involved in many cell
functions as a secondary messenger, including inhibition
of cell proliferation and promotion of apoptosis (23,24).
The metabolites of sphingomyelin include ceramide,
sphingosine, and sphingosine-1-phosphate, which are
transformed into each other in cells. Cer can be hydrolyzed
by ceramidase to form sphingosine, whereas sphingosine
can produce sphingosine-1-phosphate under the action
of sphingosine kinases, and sphingosine-1-phosphate can
be reversely converted into ceramide. The synthesis and
decomposition of these three products constitute a dynamic
equilibrium relationship, called ‘sphingolipid rheostat’,
in which ceramide and sphingosine have the effect of
inhibiting cell growth and promoting apoptosis, whereas
sphingosine-1-phosphate has the opposite effect (25).
When this equilibrium relationship is hampered, the
normal apoptosis mechanism of cells is disturbed owing
to the reduction of ceramide content, which promotes
the development of tumors (26). The dynamic changes
observed in the corresponding products in the present study
were consistent with the results of previous studies. Hence,
the formation and recurrence of tumors might be promoted
by the inhibition of sphingolipid and glycerophospholipid
metabolisms in cervical cancer.

Of the 22 metabolites which were significant between
the three groups, only N-acetylornithine showed an
opposite trend to others, with a significant decrease after
CCRT and an increase in recurrence. N-acetylornithine,
which mainly exists in human plasma, could be converted
into ornithine under the action of deacetylase; the level of
ornithine is negatively correlated with tumor occurrence,
that is, its level is reduced in cancer patients (27). The
metabolic pathway-arginine and proline metabolism,
which was enriched by N-acetylornithine in this study—
is involved in the tumor hypoxic microenvironment and
is significantly changed in cancer patients (28). In the
process of proliferation and metastasis of tumor cells, a
large amount of proline—an important component of cell
membrane is produced, and proline oxidase, which is the
first enzyme in the proteolytic pathway of proline, can
inhibit cell proliferation and promote apoptosis (29). Thus,
attenuating the synthesis of arginine and proline could
inhibit the growth and proliferation of tumor cells. The
dynamic changes of N-acetylornithine in this study were
consistent with the results of previous studies.
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Figure 5 Error bar chart (mean + 95% CI) demonstrating dynamic changes of 37 potential biomarkers across primary, post-CCRT and
recurrence CSCC patients. The dynamic changes of these metabolites in different groups are as follows: (A) post-CCRT' > primary patients
> recurrent patients; (B) recurrent patients > primary patients > post-CCRT; (C) primary patients > post-CCRT > recurrent patients;

(D) recurrent patients > post-CCRT > primary patients. CI, confidence interval; CCRT, concurrent chemoradiotherapy; CSCC, cervical
squamous cell carcinoma.
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Strengtbs and limitations

The study was a combination of prospective and cross-
sectional design, and this was the first study to examine
plasma metabolic changes in response to cervical
cancer with post-CCRT and recurrence. There were
several limitations in this study. One problem is that the
metabolomics data of primary and recurrent patients
were generated from different populations. But we have
tried our best to improve the comparability of samples
during collection. In addition, a targeted metabolomics
investigation is needed to verify the potential biomarkers in
order to advance clinical translation in the future.

Conclusions

In summary, we found that plasma metabolic profiles
significantly differed among the three groups of patients
with primary, post-CCRT, and recurrent cervical cancers.

© Translational Cancer Research. All rights reserved.

The 8 metabolites, namely Cer (d18:1/16:0), PC (15:0/16:0),
PC (16:0/16:0), PE (16:0/20:0), PC (14:0/20:0), PS
[17:0/22:2(13Z,16Z)], PG [21:0/22:4(7Z,10Z,13Z,16Z)] and
SM (d18:1/20:0), were screened as potential biomarkers to
evaluate the effectiveness of CCRT and disease progression
of cervical cancer patients. The key metabolic pathways
involved were of sphingolipid and glycerophospholipid
metabolism. These findings may be invaluable in the clinic
for accurately evaluating the prognosis of patients and
providing timely treatment.
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Figure S1 PCA score plot for discriminating primary CSCC samples, post-CCRT CSCC samples, recurrent CSCC samples, and QC

samples. PCA, principle component analysis; CSCC, cervical squamous cell carcinoma; CCRT, concurrent chemoradiotherapy; QC, quality

control.
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Figure S2 Visualized heatmap constructed based on 37 potential biomarkers. (A) Primary CSCC patients versus post-CCRT CSCC
patients; (B) primary CSCC patients versus recurrent CSCC patients; (C) post-CCRT CSCC patients versus recurrent CSCC patients.
Rows: biomarkers; columns: samples. Color key indicates metabolite expression value: light green, lowest; light red, highest. CSCC, cervical

squamous cell carcinoma; CCRT, concurrent chemoradiotherapy.
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Figure S3 The results of combined ROC analysis constructed based on 8 differential metabolites. (A) Primary patients versus post-
CCRT patients; (B) primary patients versus recurrent patients; (C) post-CCRT patients versus recurrent patients. ROC, receiver operating

characteristic; CCRT, concurrent chemoradiotherapy.



Table S1 Results from pathway analysis of the 37 potential biomarkers conducted in MetaboAnalyst

Pathway Total Hits Raw P FDR Impact
Sphingolipid metabolism 25 3 <0.001 0.004 0.304
Glycerophospholipid metabolism 39 2 0.007 0.269 0.228
Glycosylphosphatidylinositol (GPI)-anchor biosynthesis 14 1 0.046 0.977 0.044
Linoleic acid metabolism 15 1 0.049 0.977 0
alpha-Linolenic acid metabolism 29 1 0.093 1 0
Arachidonic acid metabolism 62 1 0.189 1 0
Arginine and proline metabolism 77 1 0.229 1 0.004

FDR, false discovery rate.



