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Background: N6-methyladenosine (m6A) triggers a new layer of epi-transcription.
However, the potential noninvasive screening and diagnostic value of peripheral blood
mo6A for cancer are still unknown. Here, we intend to investigate whether leukocyte m6A
can be a novel biomarker for non-small-cell lung cancer (NSCLC).

Materials and Methods: Peripheral blood was collected from 119 NSCLC patients and 74
age-matched healthy controls. Total RNA was isolated from leukocytes for m6A measurement,
and clinical information of participants was reviewed. The sensitivity, specificity, and area under
the curve (AUC) of m6A for cancer diagnosis were evaluated by the receiver-operating char-
acteristic (ROC) curve analysis. Flow cytometry and the Human Protein Atlas (HPA) database
were used to characterize m6A in leukocyte differentials. Pearson’s correlation was applied to
indicate the relationship between m6A level and hematology variables. qPCR and bioinformatic
analysis were used to identity the expression of m6A regulators in leukocyte.

Results: Leukocyte m6A was significantly elevated in 119 NSCLC patients compared with
74 healthy controls (P<0.001). We did not find significant association between m6A and age
or gender. Elevated m6A level in NSCLC was associated with tumor stage (P<0.05) and
tumor differentiation (P<0.05), and was significantly reduced after surgery (P<0.01). ROC
curve analysis revealed that leukocyte m6A could significantly discriminate patients with
lung adenocarcinoma (LUAD) (AUC=0.736, P<0.001) and lung squamous cell carcinoma
(LUSC) (AUC=0.963, P<0.001) from healthy individuals. m6A displayed superior sensitiv-
ity (100%) and specificity (85.7%) for LUSC than squamous cell carcinoma (SCC) antigen
and cytokeratin fragment 211 (Cyfra211). Flow cytometry analysis showed m6A modifica-
tion was mainly localized on T cells and monocytes among leukocyte differentials.
Leukocyte m6A was positively correlated with the number of lymphocytes and negatively
correlated with monocytes in NSCLC but not in healthy controls. PCR and bioinformatic
analysis showed that elevated leukocyte m6A in NSCLC was caused by upregulated methyl-
transferase complex and downregulated F70 and ALKBHS.

Conclusion: Leukocyte m6A represents a potential noninvasive biomarker for NSCLC
screening, monitoring and diagnosis.
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Introduction

Recent studies have demonstrated that epigenetic alterations to genomic DNA,
histone modifications and microRNA (miRNA) play an important role in cancer
initiation and progression by controlling gene expression and chromatin structure. '~

Global DNA hypomethylation in peripheral blood cells is also associated with or
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increases the risk of various cancers, including breast,’
lung,* prostate,” ovary,® endometrial,” colon and rectum.®
Although epigenetic alterations in peripheral blood cells
may not exactly represent the epigenetic changes in the
primary tumors, global epigenetic alterations can reflect
individual genomic instability and serve as an integrated
exposure signature of multiple known and unknown carci-
nogenic factors.”'® Therefore, epigenetic biomarkers in
peripheral blood cells are becoming a new tool to predict
the risk and prognosis of various cancers."'

Reversible N6-methyladenosine (m6A), the most abun-
dant RNA modification in eukaryotic species, represents
a new area for biological regulation in the form of “RNA

9 12

epigenetics”, ~ and has potential functions on the regula-

tion of gene post-transcription and protein translation.'>'*
The effects of m6A on RNA depend on the dynamic
interaction among its methyltransferase complex (“wri-
ters”) of METTL3, METTL14 and WTAP, tow demethy-
lases (“erasers”) FTO and ALKBHS, and binding proteins
(“readers”). Several studies have revealed the functions
and underlying molecular mechanisms of m6A in various
cancer development, progression and treatment. Aberrant
mO6A modification has been suggested to serve as
a biomarker for early-stage cancer diagnosis as well as
a new therapeutic target in various cancers.”>'® As most
studies focus on tumor-intrinsic oncogenic pathways,
potential roles of the mRNA m6A modification in periph-
eral blood are largely unknown.

This study is to investigate the potential diagnostic and
prognostic values of peripheral leukocyte m6A in patients
with lung carcinoma, the leading cause of cancer death
worldwide that is susceptible to epigenetic regulation.'*-*
We also aim to detect m6A modification in leukocyte
characterize their mo6A

differentials and regulatory

enzymes.

Materials and Methods

Participants and Blood Sample Collection
This is a randomized case—control, cross-sectional and hos-
pital-based study. A total of 119 newly diagnosed NSCLC
patients including 91 lung adenocarcinoma (LUAD) and 28
lung squamous cell carcinoma (LUSC), as well as 74 age-
and sex-matched healthy controls (NC) were recruited from
the Peking Union Medical College Cancer Hospital, China,
between September 2018 and November 2019. Forty-two
patients were followed and had the blood samples both at
time of first diagnosis and one week after surgery. All the

diagnoses were confirmed by histopathology or cytopathol-
ogy. Clinical information, such as cancer pathological type,
stage, differentiation, lymph node metastasis, treatment
were reviewed retrospectively. Patients with hypertension,
diabetes, myocardial infarction, stroke, renal failure, aneur-
ysm or other serious diseases were excluded. One milliliter
of venous blood from each participant was collected in BD
Vacutainer Plus K2 EDTA. After removing red blood cells
by using red blood cell lysis buffer, leukocytes were har-
vested and stored at —80°C within two hours to ensure RNA
integrity.

This study protocol was in accordance with the ethical
guidelines of the 1975 Declaration of Helsinki and
approved by the Ethics Committee of Peking Union
Medical College Cancer Hospital (grant no: NCC2017G-
115). Written informed consent was obtained from all
participants of this study.

Biochemical Measurements

Serum tumor biomarkers, including cancer antigen 125
(CA125), carcinoembryonic antigen (CEA), squamous
cell carcinoma (SCC) antigen and cytokeratin fragment
211 (Cyfra211) were determined by the direct chemilumi-
nescence method (Beckman).

Total RNA Isolation

Total RNA from blood leukocytes were isolated using
TRIzol
1 (M6101, Promega) to remove genomic DNA. Gel electro-

reagent (Invitrogen) and treated by DNase

phoresis was used for the integrity of RNA measurement,
and only intact RNA was used for RNA concentration
determination using Nanodrop 2000 (Thermo Fisher). The
samples with OD 260/280 nm ratio =2 and 260/230 nm
values 2.0-2.2 were used for further experiments.

m6A Measurement

mo6A modification on RNA was determined in duplicates
using the EpiQuick RNA Methylation Quantification Kit
(Colorimetric, Epigentek Group, USA). Briefly, 200 ng of
total RNA was bound to strip wells using binding solution,
incubated at 37 °C for 90 min. After washing three times,
capture antibody was added, incubated at room temperature
for 60 min, and washed. Detection antibody was then incu-
bated at room temperature for 30 min and washed. The enhan-
cer solution for 30 min and the determined solution for 10 min
away from the light were followed. Finally, 100 pL of stop
solution was added to quench the enzyme reaction and mea-
surement was performed at wavelength of 450nm on
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a microplate reader. The readings were used to calculate the
absolute quantification of m6A% by using a formula provided
by the manufacturer.

Flow Cytometry Analysis

The m6A modification in leukocyte differentials were
quantified by FACSCanto II flow cytometry (BD
Biosciences, Shanghai, China) in an observer-blinded
way and using the following antibodies: anti-CD3 (APC-
H7), anti-CD45 (PerCP) and anti-m6A (FITC). Data were
analyzed using FlowJo software (Tree Star Inc, Ashland,
OR, USA) and BD FACSDiva Software (BD Biosciences).

Bioinformatic Analysis

The whole blood gene expression profiling from 164 patients
with malignant lung nodules (MN) and 151 patients with
benign lung nodules (BN) were obtained from the Gene
Expression Omnibus (GEO) database (GSE108375). Limma
packages were used to identify the differentially expressed
moA regulators (P<0.05 and |[logoFCP>0.5) and ggplot
packages to visualize the results in the form of a volcano
plot. The RNA-seq data of m6A regulators in different blood
cell types was downloaded from the Human Protein Atlas
(HPA) database. Color-coding is based on blood cell type
lineages.

Statistical Analysis

All analyses were performed using SPSS 16.0 (SPSS Inc,
Chicago, IL, USA). Data for clinical and biological char-
acteristics of patients are expressed as number (%), mean
+SD or median (P25, P75). Comparison of patients and
controls involved independent-sample Student's #-test
(unpaired), one-way ANOVA and Mann—Whitney U-test
for continuous variables. Pearson’s correlation was applied
to indicate the relationship between m6A level and other
variables. Receiver-operating characteristic (ROC) curves
were used to evaluate the sensitivity and specificity. Two-
sided P<0.05 indicated statistical significance.

Results
The Level of Leukocyte m6A Methylation is

Elevated in Non-small-cell Lung Carcinoma
Baseline demographics of lung cancer patients and con-
trols are listed in Table 1. Overall, the value of leukocyte
m6A in NSCLC patients was significantly higher than that
of healthy controls (0.085+0.033% vs 0.056%+0.031%,
P<0.001) (Table 1, Figure 1A). There was a positive

Table | Baseline Demographics of the Cancer Patients and

Controls
Variable NSCLC (n=119) | NC (n=74) P-value
Age, years 58.36+9.54 55.64+8.74 ns
Male, n (%) 66 (55.5) 40 (54.1) ns
m6A% 0.085+0.033 0.056+0.031 <0.001*
CEA, ng/mL 2.29 (1.33, 4.14) 1.84 (1.19, 3.03) | 0.015*
CAI125, U/mL 11.56 (8.36, 15.5) | 9.48 (7.78, 12.58) | 0.042*
SCC, ng/mL 0.70 (0.50,1.10) 0.70 (0.50, 0.90) | 0.500
Cyfra2ll, ng/mL | 2.42 (1.49, 3.7) 2.06 (1.38,3.63) | 0.731
WBC, 10°/L 7.49 (5.98, 9.49) 5.53 (4.65, 6.74) | <0.001*
NEUT, 10°/L 5.08 (3.7, 7.37) 3.29 (2.62, 4.04) | <0.001*
LYMPH, 10°/L 1.46 (1.14, 1.96) 1.71 (1.47, 1.97) | 0.004*
MONO, 10°/L | 0.42 (0.32, 0.56) 0.36 (0.30, 0.48) | 0.023*
EO, 10°/L 0.06 (0.02, 0.13) 0.09 (0.05, 1.43) | 0.005*
BASO, 10°/L 0.03 (0.02, 0.04) 0.03 (0.02, 0.83) | 0.032*

Notes: Data are shown as absolute numbers, mean +SD or median (P25, P75).
*Significant P-values (P<0.05).

Abbreviations: NC, normal controls; NSCLC, non-small-cell lung cancer; CEA,
carcinoembryonic antigen; CAI25, cancer antigen 125; SCC, squamous cell carci-
noma; Cyfra2l |, cytokeratin fragment 21 |; ns, not significant.

tendency but not statistically significant correlation
between the level of m6A and age (Figure 1B). So far,
we did not find significant difference in m6A between
males and females (Figure 1C). These observations sug-
gest that NSCLC patients displayed abnormal leukocyte

mo6A level.

Leukocyte m6A Has a Potential Diagnostic

Value in Non-small-cell Lung Carcinoma
We further evaluated potential diagnostic value of leukocyte
mo6A in NSCLC using ROC analysis, in comparison with
other common serum tumor biomarkers (Figure 2, Table 2).
In general, leukocyte m6A could significantly discriminate
patients with NSCLC from healthy individuals (AUC=0.738,
P<0.001) (Figure 2A). Specifically, leukocyte m6A showed
a superior diagnostic accuracy in LUSC (AUC=0.963,
P<0.001) than SCC and Cyfra211 (Table 2; Figure 2B), with
the sensitivity of 100% and the specificity of 85.7% at the
optimal cutoff value of 0.043%. In LUAD, m6A level pre-
sented better diagnostic accuracy (AUC=0.736, P<0.001) than
CEA and CAI125, with the sensitivity of 60.6%, and the
specificity of 78.0% at the optimal cutoff value of 0.08%
(Table 2; Figure 2C). After combining m6A with serum
tumor biomarkers, the accuracy rate increased in both sub-
types (AUC=0.988 and 0.763, P<0.001). The sensitivities for
LUSC and LUAD were 91.3% and 74.6%, and the specifi-
cities were 100% and 68% respectively (Table 2; Figure 2B
and C).
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Figure | Leukocyte m6A is elevated in NSCLC. (A) The level of global leukocyte m6A in normal controls (NC) and NSCLC patients. (B) Linear correlation of leukocyte
m6A and age in both NC and NSCLC group. (C) Comparison of méA level between males and females in NC and NSCLC group. Data are shown as mean *SD. **P<0.01;
ns, not significant.
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Figure 2 Diagnostic value of leukocyte méA for NSCLC. Receiver operating characteristic curve analysis of cancer diagnosis with levels of leukocyte m6A and major serum
cancer biomarkers for NSCLC (A) in general, and for LUSC (B) and LUAD (C) respectively from healthy controls.

Leukocyte m6A Associates with Clinical stage, differentiation, pathological type, and lymph node

Features in Non-small-cell Lung Carcinoma metastasis was reviewed. We also followed 42 patients and
To determine the association of leukocyte m6A with prog- ~ examined their leukocyte m6A at first diagnosis and after

nostic-related clinical features, information regarding cancer ~ surgery. The results showed that patients with advanced stage

Table 2 Diagnostic Performance of Leukocyte méA and Serum Biomarkers in NSCLC by ROC Analysis

Cancer Biomarker AUC 95%ClI P-value Youden Index Sensitivity Specificity
NSCLC mé6A 0.738 0.664-0.812 0.001* 0.402 0.739 0.662
LUAD mé6A 0.736 0.645-0.827 0.001* 0.386 0.606 0.780
CEA 0.633 0.458-0.665 0.013* 0.154 0.254 0.900
CAI25 0.561 0.535-0.731 0.254 0.234 0.254 0.980
m6A+CEA+CA125 0.763 0.579-0.848 0.001* 0.426 0.746 0.680
LUSC m6A 0.963 0.887-1.000 0.001* 0.857 1.000 0.857
SCC 0.752 0.571-0.932 0.047%* 0.478 0.478 1.000
Cyfra2l | 0.851 0.696—1.000 0.006* 0.584 0.870 0.714
méA+ SCC+ Cyfra2l | 0.988 0.956—1.000 0.001* 0913 0913 1.000

Note: *Significant P-values (P<0.05).
Abbreviations: LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; CEA, carcinoembryonic antigen; CA125, cancer antigen 125; SCC, squamous cell
carcinoma; Cyfra2ll, cytokeratin fragment 21 1.
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displayed a higher m6A level than those with early stage
(P=0.030) (Figure 3A). Furthermore, poorly differentiated
NSCLC presented higher m6A level than moderately and
well-differentiated NSCLC (P=0.022) (Figure 3B). No sta-
tistically significant differences of leukocyte m6A in terms of
lymph node metastasis and pathologic type were found
(Figure 3C and D). Among the patients who are followed,
27 out of 42 patients showed a remarkable decreased m6A
level after surgery (P<0.01), while 12 remained steady and
three showed a slight increase (Figure 3E).

Identify m6A Modification in Leukocyte

Differentials

To explore the reason of elevated leukocyte m6A in lung
cancer, we conducted a flow cytometry analysis with m6A
antibody in leukocyte differentials in both NSCLC and NC
blood. To our surprise, m6A modification was only
detected in lymphocytes and monocytes, both of which

show a high fluorescence intensity value, while this

modification seemed deficient in neutrophils (Figure 4A
and B). We further explored the Human Protein Atlas
(HPA) database and found the m6A writers (METTL3,
METTL14, WTAP) and erasers (FTO, ALKBHS5) were
highly expressed in lymphocytes, especially in T cells,
medially in monocyte and dendric cells and low in gran-
ulocytes, which was consistent with our observations (sup

plementary Figure 1). We then performed a correlation

analysis of the counts of lymphocytes and monocytes
with m6A both in NSCLC and NC. It turned out that
mo6A level was positively correlated with the number of
lymphocytes (+=0.299, P<0.001), while negatively with
monocytes in NSCLC (=—0.227, P=0.01) (Figure 4C
and D). However, we did not find similar correlations in
the NC group (Figure 4E and F).

After detecting the expression of METTL3,
METTLI14, WTAP, FTO and ALKBH5 in leukocyte in
both NSCLC and NC groups, we found that the core
methyltransferase, METTL3, was upregulated in NSCLC
(P<0.01), while the two m6A demethylase, FTO and
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Figure 3 Leukocyte méA signature for clinical features in NSCLC. Changes in leukocyte m6A regarding cancer stage (A), differentiation (B), lymph node metastasis (C),
pathologic type (D), and treatment (E) in NSCLC. Data are shown as mean +SD. *P<0.05,; **P<0.01; ns, not significant.
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Figure 4 Identify m6A modification in leukocyte differentials. (A) Lymphocytes (red
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gate), monocytes (purple gate) and neutrophils (blue gate) were identified based on

their characteristic side scatter (SSC) and CD45 properties. (B) Fluorescence histogram plot showing méA level in leukocyte differentials. (C—F) Correlation analysis of the

counts of lymphocytes and monocytes with m6A% in NSCLC and NC. (G) qPCR ana

lysis of METTL3, METTLI4, WTAP, FTO and ALKBH5 expression in the peripheral blood

leukocyte of NSCLC and NC. (H) Differentially expressed m6A regulators in the blood of patients with benign or malignant lung nodules from GEO dataset (GSE108375).

**P<0.01; ***P<0.001, ns, not significant.

ALKBHS5, were downregulated in NSCLC (P<0.001)
(Figure 4G). We further analyzed the expression of 22
reported m6A regulators in the blood of patients with
benign or malignant lung nodules (GSE108375). It was
demonstrated that the expression of m6A regulators were
largely changed in two groups. METTLI4 and RBM15,
two m6A writers, were significantly upregulated in the
blood of LC patients. FTO, ALKBHS, the m6A erasers,
together with several m6A readers, were significantly
downregulated in LC blood. Therefore, elevated leuko-
cyte m6A in NSCLC might result from high level of

mo6A methyltransferase complex and low level of FTO
and ALKBHS in cancer status.

Discussion

“Epigenetic cancer epidemiology” studies aim to identify
biomarkers of cancer risk or prevention, especially when
abnormal epigenetic patterns can be detected in easily
accessible tissues such as peripheral blood.?' Previously,
we and others have demonstrated that epigenetic variabil-
ity, especially DNA methylation, may contribute to the
risk of cancer development.>**** Currently, there were
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many commercially available biomarkers for various
tumor screening, diagnosis, monitoring therapeutic effec-
tiveness or tumor prognosis. Few showed satisfactory uti-
lity for NSCLC. Here, we investigated the dynamic
changes of m6A level in peripheral blood from individuals
with NSCLC, which add a new epigenetic biomarker that
may contribute to cancer screening and diagnosis.

N6-methyladenosine (m6A), as the most abundant inter-
nal modification of RNA in eukaryotic cells, affects multiple
aspects of RNA metabolism, ranging from pre-RNA proces-
sing, mRNA stability and translation.'® Emerging evidence
suggests that m6A-modulating proteins represent a double-
edged sword for cancer by targeting genes for oncogenic
protein expression, cancer cell proliferation, survival, tumor
initiation, and progression.'’*2® Clarifying the molecular
mechanisms that mediate these m6A modifications in RNA
and identifying the aberrant expression of m6A regulatory
factors in clinical biopsy specimens could contribute to the
early diagnosis of cancer, prediction of cancer prognosis, and
development of novel therapeutic approaches.”**’

This current investigation is the first study, to the best of our
knowledge, to indicate the dynamic changes in leukocyte m6A
and its association with NSCLC development. m6A showed
a better performance in ROC curve analysis as compared with
common serum tumor biomarkers such as CEA, CA125, SCC
and Cyfra211. In particular, m6A showed a superior diagnostic
accuracy in squamous cell lung carcinoma than biomarkers,
SCC and Cyfra211 with the sensitivity of 100% and the spe-
cificity of 85.7%, which highlights the potential utility of m6A
as a screening, monitoring, or diagnostic biomarker for
NSCLC. Notably, elevated leukocyte m6A in NSCLC was
associated with tumor stage and differentiation and was
reduced to the control level after surgery. The phenomenon is
consistent with the results of several studies based on the
dysregulation of tumor-tissue—resident m6A .25

Accumulating evidence has supported the view that
cancer is a systemic disease. Like DNA methylation,
RNA methylation changes in peripheral blood might
reflect the abnormal methylation status of the whole
body. This random and global process might not be limited
to a certain area or cell type, not just in foci where tumors
are localized.>"*? In fact, it has been known that cancer
can induce distant changes on myeloid cells function,
mobilization, and differentiation, well before clinically
evident metastasis develops.® In this study, we identified
elevated leukocyte m6A were mainly from lymphocytes
and monocytes, and they had a strong correlation in the
NSCLC group, but not in the NC group. Furthermore, the

HPA database showed that CD4+ and CD8+ T cells, the
two effective T cells in a cancer response, displayed a high
level of ALKBHS5 and FTO. Effective CD4+ and CD8+
T cells were even higher in the expression of the demethy-
lases than their naive counterparts. In contrast, regulatory
T (T-reg) cells, which play a major role in immunosup-
pressive tumor microenvironment, displayed a high level
of m6A methyltransferase. These results imply that ele-
vated leukocyte m6A modification in cancer might be
related to the disfunction of immune-related cells.

In fact, several studies have explored the issue recently.
Li et al have reported m6A RNA modification is required
not only for T helper cell differentiation and proliferation,
but also for T cells to properly exit the naive state.**
Especially, m6A mRNA methylation sustains T-regs sup-
pressive role, and depletion of METTL3 in T-regs results in
its disfunctions and instability.*> Coinciding with our ana-
lysis based on online data, these studies imply m6A could
target a group of genes encoding components of principle
signaling pathways in distinct T cell subtypes, thereby
regulating the differentiation of naive T cells and sustain-
ing the suppressive functions of T-regs. This may explain
in our study why the leucocytes m6A is associated with
clinicopathological parameters that reflect the malignancy
of a tumor, and why m6A level tends to return to normal
levels after receiving treatment. Role of the m6A regula-
tory enzymes on blood immune cells and antitumor
immune responses, especially on distinct subtype of
T cells, will be the focus of our future work.

In conclusion, for the first time we determined the
elevated level of leukocyte m6A methylation in NSCLC
and explored its diagnostic value as a surrogate biomarker.
We cannot establish the temporal causality between RNA
methylation and risk of cancer because this was
a retrospective, cross-sectional case—control study.
Nevertheless, our study provides evidence linking the
risk role of m6A level in blood with malignancies and
identify its localization on immune cells. Specifically, we
have identified leukocyte m6A as a potential biomarker for
NSCLC screening, diagnosis, development, and treatment.
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