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A B S T R A C T

Cutaneous T-cell lymphoma (CTCL) is a class of non-Hodgkin lymphoma with a difficult early diagnosis. The
overall annual age-adjusted incidence of CTCL had consistently increased to around 10.2 cases per million
persons. However, our knowledge regarding its mechanism of disease origin and progression remains unclear. In
this study, serum samples from 31 CTCL patients and 31 matched healthy volunteers were analyzed in depth to
screen metabolites capable of differentiating CTCL from controls. To obtain a higher coverage of metabolome
with various hydrophilicity, a multiplatform approach with GC–MS and UHPLC-QTOF-MS has been employed.
Data were analyzed by multivariate statistical analysis and CTCL group was separated from control group
successfully using supervised OPLS-DA model. A total of 51 CTCL-regulated metabolites were identified, among
which 15 differential metabolites have an AUC > 0.9 in receiver operating characteristic (ROC) curve analysis.
Glycerophospholipid metabolism, tryptophan metabolism and purine metabolism were highlighted as 3 major
altered pathways in CTCL serum. These alterations revealed impacts to membrane stability and weakened im-
mune as well as ATP depletion associated with CTCL. Overall, these results aid in improving understanding of
the mechanism related to CTCL, and demonstrate this multiplatform approach is suitable for serum metabo-
lomics researches.

1. Introduction

Cutaneous T-cell lymphoma (CTCL) is a heterogeneous group of
extranodal non-Hodgkin's lymphomas characterized by clonal expan-
sion of skin-invasive T cells [1]. World Health Organization (WHO) and
European Organization for Research and Treatment of Cancer (EORTC)
published a consensus classification (WHO-EORTC) for primary CTCL
in 2005 [2]. Mycosis fungoides (MF) is the most common diagnosis of
CTCL, representing 44–62% of cases [3], which has an indolent clinical
course initiating as patches and plaques for years and eventually
forming tumors. The overall annual age-adjusted incidence of CTCL
consistently increased since the early 1970s, but has stabilized in recent
years at around 10.2 cases per million persons [4]. Despite advances in
immunohistochemistry and molecular methodology, early diagnosis of
CTCL is still difficult, partly because of its phenotypic overlap with
benign inflammatory skin diseases [5,6]. It takes 48months on average
to make a definite diagnosis after the first development of skin lesions
[7]. In recent decades, there are many studies focus on CTCL patho-
genesis, but the mechanism of disease origin and progression is still
unclear [8–10]. Therefore, biomarkers screening and mechanism study

make much sense to early diagnosis and effective treatment for CTCL.
With the enhancement in detection sensitivity and high-throughput

capacity, “omics” techniques have been extensively utilized in disease
research. Previous genomics study implicates mutations in 17 genes in
CTCL pathogenesis [11]. It was found that transcriptomics and pro-
teomics can be used to assist CTCL diagnosis and classification [12,13].
Metabolomics, the youngest sibling in ‘omics’ field, plays an important
role in systems biology due to the ability to provide comprehensive
analysis of all metabolites (molecules < 1 kDa) present in biofluid
samples [14,15]. Metabolomics always indicates alterations in up-
stream gene and protein expression, and has been widely used in the
research of diagnosing pathology and biomarker screening [16–18].
Our previous UHPLC-QTOF-MS based metabolomics study has found 36
differential metabolites in CTCL plasma, among which 4 compounds
were identified by reference standards [19]. In this research, we em-
ployed a multiplatform approach to further investigate the metabolite
profiling alteration in CTCL serum samples, with no additional antic-
oagulants which may interfere the metabolome constituent measure-
ment and dilute samples by drawing water out of cells [20]. It is well
accepted that no single platform is able to detect the entire
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metabolome, therefore multiplatform approaches are usually employed
in untargeted metabolomics studies. With the combined use of two
complementary platforms, GC–MS and UHPLC-QTOF-MS, a higher
coverage of metabolome was achieved, making the global metabolite
profiling more meaningful and reliable.

2. Materials and methods

2.1. Chemicals and reagents

Methanol (HPLC Grade) was obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Acetonitrile (HPLC Grade) and
Formic Acid (HPLC Grade) were purchased from Dikma Technologies
Inc. (Lake Forest, CA, USA). Tridecanoic acid, pyridine (HPLC grade),
methoxyamine hydrochloride, MSTFA (N-Methyl-N-(trimethylsilyl)
trifluoroacetamide) and TMCS (chlorotrimethylsilane) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Sample collection

The present prospective study was approved by the Ethics
Committee of Ruijin Hospital, Shanghai Jiaotong University School of
Medicine, and informed consent was obtained from all participants.
CTCL serum samples were collected from 31 patients and serum sam-
ples from age- and sex-matched healthy volunteers (Table 1) were used
as controls. For serum collection, whole blood was collected and left
standing at room temperature for 1 h to clot before centrifugation for
10min at 3000 rpm. All serum samples were immediately aliquoted and
stored at −80 °C until further analysis.

2.3. Sample preparation for GC–MS analysis

After thawing at room temperature, 50 μL of serum from each
sample was pipetted into Eppendorf tubes. Next, 200 μL of −20 °C
methanol (containing 40 μg/mL tridecanoic acid as internal standard)
was added to each sample, and the mixture was vortexed for 5min and
left standing at room temperature for 10min to precipitate proteins
completely. After centrifugation at 12,000 rpm for 10min, 180 μL su-
pernatant was collected and transferred for drying under a nitrogen
stream at 40 °C. Then, dried samples were dissolved in 50 μL of pyridine
(containing 15mg/mL of methoxyamine hydrochloride), and the oxi-
mation reaction was conducted at 40 °C for 2 h, followed by silylation
reaction with 40 μL of MSTFA (containing 1% TMCS) at 40 °C for 1 h.
After centrifugation at 12,000 rpm for 10min, 20 μL of the supernatant
was collected and pooled to prepare the quality control (QC) samples
for GC–MS analysis.

2.4. GC–MS analysis

GC–MS analysis of derivatized samples was executed with a 7890B
gas chromatograph, fitted with a 7693 autosampler and coupled to a
5977A quadrupole mass analyzer (Agilent, Santa Clara, CA, USA) in full
scan mode. Chromatographic separations of metabolites were accom-
plished on a DB-5 MS fused silica capillary column
(30m×250 μm×0.25 μm, Agilent, USA). The carrier gas, helium, was

operated at a flow rate of 1.2mL/min and temperatures of inlet, in-
terface and ion source were set at 300 °C, 280 °C and 230 °C, respec-
tively. The injection volume and split ratio were set to 1 μL and 2:1. The
GC oven temperature program was set as follows: initiated at 70 °C,
kept for 3min, then ramped at 5 °C/min up to 300 °C and finally held
for 5min. The electron impact (70 eV) was applied as the ionization
mode and gain factor was set at 2.0. The mass signal acquisition
(33–600, m/z) was performed after 6.0min of solvent delay by
MassHunter Acquisition Software (Agilent, USA). Samples of different
groups were processed randomly.

2.5. UHPLC-QTOF-MS analysis

After process described in sample preparation for GC–MS analysis
until protein precipitation, supernatant was collected and analyzed by
UHPLC-QTOF-MS directly, rather than drying and derivatization. QC
samples were composed of the supernatant of all samples equally and
analyzed at an interval of 10 samples to verify reproducibility of the
analysis. Then, a 5 μL aliquot of the supernatant was injected into a
1260 Infinity UHPLC system (Agilent, USA) equipped an ACQUITY
UPLC HSS T3 column (2.1×100mm, 1.8 μm, Waters, USA) at a con-
stant column temperature of 35 °C for chromatographic separation. The
flow rate was 0.3mL/min and the mobile phase were (A) H2O with
0.1% formic acid and (B) acetonitrile. The programmed gradient was
set as follows: 0min, 98% A; 2min, 98% A; 12min, 5% A; 22min, 5% A
with a 5min post run at initial ratio.

The eluted metabolites were analyzed by a 6520 QTOF-MS (Agilent,
USA) in positive and negative electrospray ionizations with a full-scan
range from 50 to 1000m/z, and data were collected in centroid mode.
Nitrogen was used as desolvation gas at a flow rate of 10 L/min at
350 °C. The capillary voltage and nebulizer pressure were set at 3.5 kV
and 40 psi, respectively. All samples were run in a random sequence.

2.6. Data processing

Raw data were converted to mzData format by Agilent MassHunter
Qualitative Analysis software, then uploaded to XCMS online (https://
xcmsonline.scripps.edu) [21] for peak alignment, retention time cor-
rection and relative quantification of metabolite profiling. A two di-
mensional data table of metabolite features (retention time and m/z)
and their peak areas were generated. Afterwards, the peak areas were
normalized and “80% rule” [22] was employed for the peak filtering.
Multivariate data analysis was performed using SIMCA 13 (Umetrics,
Sweden). An unsupervised model, principal components analysis (PCA),
was first performed to visualize the discrimination between the control
group and CTCL group based on serum metabolites, followed by su-
pervised models including partial least squares discriminant analysis
(PLS-DA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) to enhance separation and screening differential metabo-
lites. Furthermore, 200 times of permutation test cross validation was
performed to ensure the suitability of the model.

The differential metabolites were screened according to strict cri-
teria: (1) VIP value larger than 1.0 constructed from the OPLS-DA; (2) p
value of t-test smaller than 0.05; (3) fold changes (FC) larger than 1.5.
Next, the discriminating metabolites screened from GC–MS data were
identified by combining NIST database and the Human Metabolome
Database (HMDB, http://www.hmdb.ca) [23]. Metabolites identifica-
tion of UHPLC-QTOF-MS was executed by searching HMDB and ME-
TLIN (https://metlin.scripps.edu) [24] based on the accurate mass
number with a mass error within 20 ppm. Furthermore, some metabo-
lites were further confirmed by comparing with reference standards.
Heatmap employing GraphPad was carried out to visualize the meta-
bolic alterations of the remarkable shifts metabolites. The receiver
operating characteristic (ROC) curves were constructed to evaluate the
sensitivity and specificity of these differential metabolites with Medcalc
software. Metabolic pathway analysis was performed by MetaboAnalyst

Table 1
Demographics information of the study cohorts.

Sample type Items Control CTCL

Serum Female/male 13/18 13/18
Age (years) 53.9 ± 13.9 54.6 ± 14.6
Duration (years) NA 4.3 ± 4.2

Values are reported as the mean ± SD. There is no duration for the control group (NA). p
value > 0.05 for t-test for the age between control and CTCL subjects.
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