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YTHDF1 and YTHDF2 are associated with better patient survival and an inflamed
tumor-immune microenvironment in non-small-cell lung cancer
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ABSTRACT

The human YTH domain family (YTHDF) proteins are RNA-binding proteins that recognize N6-
methyladenosine (m6A), facilitating various biological processes via m6A RNA modification. How these
molecules associate with non-small-cell lung cancer (NSCLC) molecular mechanisms remain unclear. The
protein expression levels of YTHDF1 and YTHDF2 in 603 cases of resected NSCLC were evaluated using
immunohistochemistry. We analyzed the associations of these attributes with patient characteristics and
survival. We also assessed four subsets of lymphocytes (PD-1+, CD8+, Foxp3+, and CD45RO+) as tumor-
infiltrating lymphocytes (TILs) in the tumor nest and in the surrounding stroma separately. In addition, we
investigated differentially expressed genes and the expression of PD-L1 in YTHDF1- and YTHDF2-
deprived lung cancer cells. The expressions of both YTHDF1 and YTHDF2 were less in the advanced-
stage tumors than in the early-stage tumors. The expressions of both YTHDF1 and YTHDF2 were also
independent favorable prognostic factors for recurrence-free survival (HR, 0.745; 95% Cl, 0.562-0.984 for
YTHDF1; HR, 0.683; 95% Cl, 0.503-0.928 for YTHDF2). The TIL densities of almost all four lymphocyte
subsets in the stroma were significantly higher in the tumors with high YTHDF1 and YTHDF2 expression. In
vitro, YTHDF1 and YTHDF2 knockdown in cells upregulated tumor PD-L1 expression and altered multiple
immune-related genes. High expressions of both YTHDF1 and YTHDF2 are associated with a favorable
prognostic outcome of NSCLC patients, a greater amount of TILs, and downregulation of PD-L1. YTHDF1
and YTHDF2 could be novel prognostic and druggable targets related to the tumor-immune microenvir-
onment in lung cancers.
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Introduction their targets, and, through translation promotion or the altera-
tion of mRNA stability, the m6A-modified target recognized by
YTHDF1 or YTHDF2 regulates protein synthesis.'’ To date,
YTHDF]I is known to have an oncogenic role by promoting the
translation of oncogenes among several solid cancers.'*'” On
the contrary, studies have also reported that YTHDF1 has an
antitumor effect through its promotion of translation of tumor
suppressor gene in ocular melanoma.'® Similarly, YTHDF2 has
an oncogenic role via the regulation of miR-493-3p in prostate
cancer and 6-phosphogluconate dehydrogenase in non-small-
cell lung cancer (NSCLC).'?° On the other hand, YTHDE2
also has an antitumor effect in leukemic cells via the attenua-
tion of the stability of MYC and CEBPA transcripts.”' Given
these inconsistent findings, we can say it is still controversial as
to how these m6A reader proteins, YTHDF1 and YTHDEF2,
RNA-binding proteins that directly recognize m6A. YTHDF1 affect oncogenic or anti-oncogenic function in defined clinical
. . . . T settings. They may work differently depending on whether the
actively promotes protein synthesis by interacting with initia- . ”
tion factors and ribosomes to facilitate translation initiation,!! 218! 8ENES are ONCOgENIC Or TUMOX SUPPressive. In lung can-

: s , th 1 path involved i 1
YTHDEF2 recognizes m6A and reduces the stability of target :}zttv:;e ?)ZZZVZ? tEZte:i‘](?lyos 1nv}(1)is\;(:)d :tlhcoalchza(lie:jtipmailc;
mRNA transcripts.'>'> YTHDF1 and YTHDF2 share 50% of Y &y P & Y

N6-methyladenosine (m6A) is the most prevalent internal
modification in messenger RNA." In recent years, the signifi-
cance of m6A in the context of various physiological functions
such as obesity,” synaptic signaling,” sperm development,*
stem cell differentiation,” circadian rhythms,® and
immunoregulation” has been clarified, and the relationship
between m6A and the pathogenesis of various diseases, includ-
ing malignant disease, has been an enthusiastic topic of bio-
medical investigations.*” In cells, m6A is regulated by
methyltransferase complex (writer) and demethylase (eraser),
and m6A is recognized by RNA-binding proteins (reader). The
fate of the subsequent m6A-modified mRNA is determined by
the reader protein, which binds to the target mRNA.""

The human YTH domain family (YTHDF) proteins are
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somatic mutational spectrum, it remains largely unknown how
YTHDF1 and YTHDEF2 are committed in these heterogeneous
carcinogeneses of lung cancer.

Over the past decades, the NSCLC treatment strategy has
dramatically changed, and immunotherapy has become one of
the most common methods of treatment. The PD-1/PD-L1
axis has been deemed the main target of immunotherapy;
however, the tumor-immune microenvironment, which is
composed of various immune cells,”**” is also now an area of
focus and has been studied intensively as a secondary target of
immunotherapy.”* %’ Yang et al. reported that FTO, one of the
m6A demethylases, was associated with several cell-intrinsic
oncogenes.”® The combination of FTO inhibitors overcame the
resistance of PD-L1 immunotherapy in melanoma. Thus, the
association of m6A-related enzymes with tumor-immune sys-
tems might be important, and more evidence is still needed to
enable comprehensive understanding of this association.

In this study, we first explored the clinical significance of the
expressions of YTHDF1 and YTHDF2 using a relatively large
number of resected NSCLC specimens, along with the associa-
tion between these molecules and the tumor-immune micro-
environment. Second, we investigated the effect of forced
downregulation of YTHDF1 and YTHDEF2 in lung cancer cell
lines in terms of the effect on the alteration of PD-L1 and
immunologic gene expression.

Materials and methods
Specimen preparation

Using immunohistochemistry, we evaluated the protein
expression levels of both YTHDF1 and YTHDF2 among 603
resected NSCLCs, including 392 adenocarcinomas and 170
squamous cell carcinomas. The patients enrolled in this study
were admitted to Hamamatsu University School of Medicine
and Seirei-Mikatahara General Hospital between January 1990
and April 2014. This study was approved by the ethics com-
mittees of Hamamatsu University School of Medicine and
Seirei-Mikatahara General Hospital and was carried out in
accordance with approved guidelines. Because this study was
based on reviews of previously acquired clinical records and
archived data, the need for written informed consent was
waived. All analyses were conducted in compliance with the
ethical standards of the Helsinki Declaration.

All specimens were formalin fixed, paraffin embedded, and
punched out from distinct tumor areas using 3-mm-diameter
cylinders (Azumaya, Tokyo, Japan) by senior pathologists. The
tissue cores were aligned on tissue microarrays (TMAs) as
previously described.”” ' In cases with insufficient number
of tumor cells in the core, another core with a higher number
of tumor cells was chosen. We retrospectively collected clin-
icopathological data, such as age, sex, smoking status, adjuvant
chemotherapy, and patient prognosis status, from the patients’
medical records. Tumors were classified into pathological
stages I-III according to 8" edition of the TNM classification
and histologically classified by three senior pathologists (KY,
Y Inoue, and HS) based on the World Health Organization
classification and the 2015 International Association for the
Study of Lung Cancer/American Thoracic Society/European

Respiratory Society ERS adenocarcinoma subclassification.”””
>* Before conducting the TMA analysis, we confirmed the
presence of a sufficient number of tumor cells in the TMA
cores using hematoxylin-eosin staining of tissue sections.

Immunohistochemical analysis

TMA sections were assessed immunohistochemically using
a previously published method.*® Paraffin sections were incu-
bated with primary antibody, followed by incubation with
Histofine Simple Stain MAX PO (Nichirei, Tokyo, Japan).
The visualization of the antigen-antibody complex was per-
formed using 3,3'-diaminobenzidine tetrahydrochloride. We
used the following commercially available antibodies in recom-
mended titrations: anti-YTHDF1 (1:100, 17479-1-AP,
Proteintech, Rosemont, IL, USA), YTHDF2 (1:400,
ab170118, Abcam, Cambridge, UK), PD-1 (1:50, EH33, Cell
Signaling Technology [CST], Danvers, MA, USA), CD8 (1:200,
C8/144B, Nichirei, Tokyo, Japan), Foxp3 (1:100, 22510,
Abcam), CD45RO (1:600, UCHL1, CST), PD-L1 (1:100,
E1L3N; CST), epidermal growth factor receptor (EGFR) E746-
A750 deletion specific (1:100, D6B6, CST), and EGFR L858R
mutant specific (1:100, 43B2, CST). Two observers (KT and
KY) independently assessed the protein expressions levels in
the tumor areas based on the H-score, which was derived from
the intensity (0, absent; 1, weak; 2, moderate; and 3, strong;
representative images are shown in Figure la). The area per-
centages of cells (0%-100%) were multiplied by the intensity
values to obtain calculated values from 0 to 300. We also
assessed the four subsets of tumor-infiltrating lymphocytes
(TILs), such as PD-1+ immune cells, CD8+ cytotoxic T cells,
Foxp3+ regulatory T cells, and CD45RO+ memory T cells,
within the tumor nest and surrounding stroma separately, as
previously described.”®*” TILs were counted under high-power
fields (x200). Representative images are shown in Figure 1b.
We calculated the average TIL number in the three areas and
retrospectively explored their associations with patient charac-
teristics and patient survival. The high expression levels of
YTHDF1 or YTHDF2 were defined as cases with scores greater
than 118 of the H-score for YTHDF1 and greater than 117 of
the H-score for YTHDF2. We determined the scores using the
minimum P-value method for overall survival (OS) based on
each expression. PD-L1 positivity and EGFR mutant statuses
were analyzed using a previous protocol.”*?*>°

Online data analysis

We used two online cohorts to validate the mRNA expression
and survival in patients with lung cancer: The Cancer Genome
Atlas (TCGA) data set and the Kaplan-Maier plotter. We
collected the mRNA expression data for lung adenocarcinoma
(TCGA ID: LUAD) and lung squamous cell carcinoma (TCGA
ID: LUSC) from the TCGA data portal in the form of RNA-seq
by expectation-maximization. Clinical information was down-
loaded from the cBioPortal (http://www.cbioportal.org/) on
March 15, 2019.* The high level of mRNA expression of
YTHDF1 and YTHDF2 was defined by the value derived
from the minimum P-value method for OS. Survival results
were produced from the Kaplan-Meier Plotter (lung; http://


http://www.cbioportal.org/
http://kmplot.com/analysis/index.php?p=service%26cancer=lung
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Figure 1. Representative images of YTHDF1, YTHDF2, and TIL expression in immunohistochemistry. (a) Representative images of immunohistochemistry of YTHDF1 and
YTHDF2 (%20 magnification, inset x60 magnification). The yellow square indicates the position of the inset. Staining intensity was categorized as 0 (absent), 1 (weak), 2
(moderate), or 3 (strong). (b) Representative images of tumor-infiltrating lymphocytes such as FOXP3+, PD-1+, CD8+, and CD45RO+ immune cells (x20 magnification).

kmplot.com/analysis/index.php?p=service&cancer=lung).*"**

These data were downloaded on October 12, 2019. We defined
our cutoffs of YTHDF1 and YTHDEF2 by the median value. We
performed gene set enrichment analysis (GSEA) to examine
the regulated gene set stratified by YTHDF1 and YTHDEF2
expressions using TCGA data (http:/software.broadinstitute.
org/gsea/omdex.jsp). Normalized enrichment scores >1.5 and
a false discover rate (FDR) <0.05 were used as cutofts.

Cell line and transient knockdown with siRNA

The human lung cancer cell lines H1299 and A549 were
obtained from Health Science Research Resources Bank
(Osaka, Japan) or the American Type Culture Collection
(Manassas, VA, USA). We purchased PC9 lung cancer cells
from RIKEN BRC (Tsukuba, Japan). All lung cancer cell lines
were cultured in RPMI1640 medium (R8758, Thermo Fisher
Scientific, Waltham, MA, USA) containing 10% (vol/vol) fetal
bovine serum (FBS) and 100 IU/mL penicillin G and 100 mg/
mL streptomycin. Cells were maintained in a 5% CO, and 95%
air incubator at 37°C. Silencer Select Pre-designed siRNA for
YTHDF]I (529743, s29744, Invitrogen, Carlsbad, CA, USA) and
YTHDEF2 (528147, s28148, Invitrogen) and Silencer Select
Negative control (4390843, Invitrogen) were purchased for

a transient knockdown. Lung cancer cells were cultured for
24 hours before transfection and transfected with final concen-
trations of 15 nM of siRNAs using Opti-MEM (31985070,
Gibco, Waltham, MA, USA) and Lipofectamine 2000
(11668019, Thermo Fisher). Forty-eight hours after transfec-
tion, the cells were used for further assays.

Cell viability assay

Cells were seeded in 96-well plates at 3000 cells per well after
48 hours of knockdown. Cell proliferation was monitored
using the Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto,
Japan) according to the manufacturer’s protocol. After incuba-
tion, the cells were further incubated with 10% CCK-8 for
1 hour, and we assessed the absorbance at 450 nm in each
well by spectrophotometry (Synergy HT, BioTek) every
24 hours.

Transwell migration assay

Cell migration was evaluated using 24-well plates with cell
culture inserts (353097, Falcon) containing a filter with
8 um-diameter pores. Briefly, after serum starvation for 24
h with 0.1% FBS-containing RPMI1640 medium, 1 x 10° cells
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resuspended in 500 uL of RPMI1640 medium (Gibco, USA)
were seeded into the upper chamber, after which the
RPMI1640 medium with 10% FBS was placed in the lower
compartment of the chamber. After incubation for 16 h, the
upper surface of the membrane was wiped with a cotton-tipped
applicator whereas the migrating cells on the lower surface
were fixed with cold methanol and stained with 0.5% crystal
violet. Migrating cells were counted automatically in three
random microscopic fields using the Hybrid Cell Count func-
tion of the BZ-II Analyzer (Keyence, Osaka, Japan).

Cell cycle analysis

Cell Cycle Assay Solution Blue (C549, Dojindo) was used
according to the manufacturer’s instructions to analyze cell
cycle. Briefly, treated cells were synchronized at the G1 phase
by serum starvation with 0.1% FBS-containing medium for 48
h. After 24-36 h after release from serum starvation, the treated
cells were collected, washed with phosphate-buffered saline
(PBS), and incubated with 5 pL cell cycle assay solution for
15 min at 37°C. Thereafter, DNA content was determined by
measuring staining intensity using a Gallios flow cytometer
(Beckman Coulter, Miami, FL, USA). Results were analyzed
using the FlowJo software (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA).

Apoptosis assay

The annexin V-FITC apoptosis detection kit (15342-54,
Nacalai, Kyoto, Japan) was used to detect apoptosis by measur-
ing annexin V and propidium iodide-positive cells, according
to the manufacturer’s instructions. Briefly, cells were incubated
for 96 h after siRNA transfection. The treated cells were col-
lected, washed with PBS, and incubated with 5 uL of annexin
V-FITC solution and 5 puL of propidium iodide solution for
15 min at room temperature. Thereafter, the number of apop-
totic cells was determined using a Gallios flow cytometer with
the FlowJo software.

Western blotting

Total protein lysates were extracted from whole-cell lines in
phosphate-buffered saline. The Pierce BCA Protein Assay Kit
(Cat#23225, Thermo Fisher) was used to determine concentra-
tion. All proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and the proteins in the gel
were then transferred to polyvinylidene difluoride blotting
membrane (A29532146, P 0.45 GE Healthcare Life Science,
Chicago, IL, USA). Trans-Blot Turbo Cassette (Bio-Rad,
Hercules, CA, USA) was used for blotting. For blocking, 5%
skimmed milk was used. Primary antibodies including anti-
YTHDF1 (1:1000 dilution, 17479-1-AP, Proteintech),
YTHDEF?2 (1:1000 dilution, ab170118, Abcam), PD-L1 (1:1000
dilution, A1935; ABclonal, Tokyo, Japan), and GAPDH
(1:1000 dilution, Ab8245; Abcam) were incubated overnight
at 4°C. Secondary antibodies for rabbit (1:20,000 dilution,
NA9340; GE Healthcare Life Science) or mouse (1:20,000 dilu-
tion, NA9310; GE Healthcare Life Science) were incubated at
room temperature for 1 hour. To visualize the band, we used

enhanced chemiluminescence (Pierce ECL Plus Substrate,
Thermo Scientific). The photo was detected by a chemi-doc
(Bio-Rad). Signal intensity was quantified using Image Labo
Software (Bio-Rad).

Quantitative real-time polymerase chain reaction
(QRT-PCR) analysis

Cells were incubated after 48 hours and transfected by siRNA.
We subsequently extracted total RNA using RNeasy Plus Mini
Kit (#74136, Qiagen, Hilden, Germany) according to the man-
ufacturer’s instructions. We calculated the total RNA concen-
tration using Nanodrop (NanoDrop1000, Thermo Scientific).
We synthesized cDNA from 2 pg of total RNA with ReverTra
Ace qPCR RT Master Mix (FSQ-201, TOYOBO, Osaka, Japan)
according to the manufacturer’s instructions. qQPCR were per-
formed in triplicate on a StepOne Plus Real-Time PCR System
(Applied Biosystems, Thermo Fisher Scientific) using
a THUNDERBIRD qPCR Mix (QPS-201, TOYOBO). We cal-
culated the relative RNA expression levels using the AACt
method, with the levels normalized to GAPDH mRNA. All
amplicons were confirmed as a single product by agarose gel
visualization and/or melting curve analysis. Table S1 lists the
applied primer sequences.

Flow cytometric analysis

Cells were incubated after 48 hours of transfection by siRNA.
Recombinant human interferon-y (AF-300-02, PeproTech,
Cranbury, NJ, USA) was added to a final concentration of
10 ng/mL for the last 24 hours of incubation. Then, PC9 cells
were incubated with Human TruStain FcX (cat422302,
Biolegend, San Diego, CA, USA) for 10 minutes at 4°C and
washed with phosphate-buffered saline containing 1% FBS.
The cells were incubated with 5 uL of PE anti-human CD274
(B7-H1, PD-L1) antibody (cat #329706, Biolegend) or the
corresponding isotype control (cat #400314, Biolegend) at
4°C for 30 minutes. A Gallios flow cytometer and the FlowJo
software were used for data analysis.

Multiplex RNA expression analysis with the Nanostring
nCounter

A total of 100 ng of RNA was hybridized using the PanCancer
IO 360 Gene Expression Panel on the nCounter system
(NanoString Technologies, Seattle, WA), following the manu-
facturer’s recommendations. The PanCancer IO 360 Gene
Expression Panel is designed to quantitate 770 target genes,
40 housekeeping genes, and additional positive and negative
controls. For downstream analysis, absolute read counts of all
panel genes were extracted from the nSolver software
(NanoString Technologies, Seattle, WA). Target genes were
normalized to 40 reference genes and fold changes, and asso-
ciated statistics were calculated with the R-based
NanoStringDift package. We used differential expression ana-
lysis to calculate the t-statistic for each gene against each
covariate in the model. We excluded genes with a low-
expression value of <10.0 from the analysis. The raw data
have been deposited in the Gene Expression Omnibus at the



National Center for Biotechnology Information (accession No.
GSE171634). Processed data are shown in the Supplemental
Online Material.

Statistical analysis

Discrete variables are expressed as counts (percentage), and
continuous variables are expressed as the mean * standard
deviation or median (range), unless otherwise specified. We
used the Mann-Whitney U test or Student’s ¢ test for contin-
uous variables. Categorical data were compared between
groups using the Fisher exact test for independence. We used
the Wilcoxon matched-pairs signed-rank test for the analysis
of the comparison between the two corresponding groups. We
used Spearman’s rank-order correlation coefficient for correla-
tion analysis. Survival was analyzed by the Kaplan-Meier
curves with the log-rank test. OS was defined as the time
from baseline to the date of death, and recurrence-free survival
(RFS) was defined as the time from baseline to the recurrence
date. We applied univariate and multivariate Cox proportional
hazards models to generate the hazard ratios (HRs) of death,
with adjustments for other potential confounding factors. Cell
proliferation assays were analyzed using a two-way analysis of
variance. Due to the exploratory nature of this study, none of
the P values were adjusted for multiple testing.*’ Statistical
analyses were performed using GraphPad Prism version 8

ONCOIMMUNOLOGY €1962656-5

(GraphPad Software, San Diego, CA, USA) and EZR software
(Saitama Medical Center, Jichi Medical University, Saitama,
Japan). A P value less than 0.05 was considered statistically
significant.

Results

Levels of YTHDF1 and YTHDF2 expression are elevated in
NSCLC

We first compared the expression levels of YTHDF1, YTHDE2,
and YTHDF3 mRNA in lung cancer tissues and their corre-
sponding normal lung tissues in the publicly available TCGA
database (n = 109). We found that the expression levels of
YTHDF1 and YTHDEF2 were significantly higher in tumor
tissues as compared with normal lung tissues (P < .0001 for
YTHDF1, P = .0003 for YTHDEF2). On the other hand, there
was no significant difference in the YTHDEF3 expression in
lung cancer tissues (P = .188; Figure 2a).

We further analyzed the expressions of YTHDF1 and
YTHDEF2 using our own cohort of lung cancer patients. The
median age of the patients was 68 years (range, 23-88 years).
Among the patients, 414 (68.7%) were male and 411 (68.2%)
had a smoking history. The median H-score was 120 (0-285)
for YTHDF1 and 105 (0-252) for YTHDF2 (Figure 2b). The
expression levels of YTHDF1 and YTHDE2 were statistically
more abundant in adenocarcinomas than in other histologies
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Figure 2. Level of YTHDF1 and YTHDF2 expression is elevated in NSCLC. (a) Comparison of the expressions of YTHDF 1, YTHDF2, and YTHDF3 in tumor and nontumor
lung tissue in patients with non—small-cell lung cancer (N: nontumor tissue, T: tumor tissue). ***P < .001 and ****P < .0001, Mann-Whitney U test). Results were
presented as means * SD. (b) The histograms show the distribution of the H-scores for YTHDF1 and YTHDF2 evaluated by immunohistochemistry.
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(P = .007 for YTHDFI1, P = .011 for YTHDF2). In contrast,
there was a reduced expression of YTHDF1 and YTHDEF2 in
the advanced pathological stages (P = .010 for YTHDFI,
P = .047 for YTHDEF2) and in the subsets with worse nodal
metastases (P = .010 for YTHDF1, P = .004 for YTHDEF2). As
revealed by immunohistochemistry, we observed significantly
higher YTHDF1 expression in patients with EGFR mutations
(P < .001; Table 1). There was also a weak positive correlation
between the expression levels of YTHDF1 and YTHDEF2
(r=0.325, P < .0001; Figure S1).

YTHDF1 and YTHDF2 are favorable prognostic factors in
NSCLC

Figure 3 presents the Kaplan-Meier curves, based on the
YTHDF1 and YTHDEF2 expressions in our own cohort.
Tumors with high levels of YTHDF1 and YTHDF2 expression
showed significant favorable prognoses for OS (log-rank test,
P = .002 for YTHDFI1, P = .009 for YTHDEF2; Figure 3a, b).
Similarly, tumors with high YTHDF1 and YTHDEF2 expressions
showed significantly favorable RFS (P = .001 for YTHDF1,
P = .005 for YTHDF2; Figure 3¢, d). Further analysis of our
cohort which was divided into two groups, one as the discovery
set (Seireimikatahara Hospital [Mikatahara] cohort) and one as
the validation set (Hamamatsu University School of Medicine
[HUSM] cohort), showed a consistent trend that YTHDF1 and

YTHDE2 expression was associated with favorable prognosis
(P = .04 and P = .09 for YTHDFI and YTHDEF2, respectively,
in the Mikatahara cohort; P = .02 and P = .04 for YTHDF1 and
YTHDE?2, respectively, in the HUSM cohort; Figure S2A-E).
Multivariate Cox regression analyses adjusted for sex, smoking
status, histology, stage, EGFR mutation status, and adjuvant
chemotherapy demonstrated that YTHDF1 and YTHDE2 were
independent favorable prognostic factors for RFS (HR, 0.745;
95% confidence interval [CI], 0.562-0.984 for YTHDF1; HR,
0.683; 95% CI, 0.503-0.928 for YTHDF2; Table 2, Table 3).
We also analyzed the prognostic association of YTHDFI
and YTHDF2 using the TCGA data set (n = 974) and Kaplan-
Meier plotter data set (n = 1926). The result of the TCGA data
set demonstrated that high YTHDF2 mRNA expression was
significantly associated with a favorable prognosis (log-rank
test, P = .0009; Figure S3A). High YTHDF1 mRNA expression
tended to have a favorable prognosis, although this was not
statistically significant (log-rank test, P = .1185; Figure S3B).
The result of the Kaplan-Meier plotter data set also showed
that the tumors with high YTHDF1 and YTHDEF2 expressions
showed significant favorable survival (log-rank test,
P = .000019 for YTHDFI, P = .000051 for YTHDEF2; Figure
S3C, S3D). Moreover, we performed prognostic analysis in the
population that received adjuvant chemotherapy to investigate
whether the expression of YTHDF1 and YTHDF2 might have
predictive significance for response to adjuvant chemotherapy.

Table 1. Comparison of clinical characteristics based on YTHDF1 and YTHDF2 expression in the tumor.

YTHDF1 YTHDF2
Total Low High Low High
N =603 N =291 N =312 P-value N = 404 N =199 P-value

Age
Mean, (range) 68 (23-88) 68 (23-88) 68 (39-88) N.S. 68 (23-88) 68 (33-88) N.S.
Sex, n, (%)
Male 414 (68.7) 205 (70.4) 209 (67.0) N.S. 283 (70.0) 131 (65.8) N.S.
Female 189 (31.3) 86 (29.6) 103 (33.0) 121 (33.0) 68 (34.2)
Smoking status, n, (%)
Never 179 (29.7) 79 (27.1) 100 (32.1) N.S. 115 (28.5) 64 (32.2) N.S.
Ever 411 (68.2) 204 (70.1) 207 (66.3) 277 (68.6) 134 (67.3)
Unknown 13 (2.1) 8(2.7) 5(1.6) 12 (3.0) 1(0.5)
Histology, n, (%)
Adenocarcinoma 392 (65.0) 171 (58.8) 221 (70.8) .007 250 (61.9) 142 (71.4) .012
Squamous cell carcinoma 170 (27.0) 98 (33.7) 72 (23.1) 129 (32.0) 41 (20.6)
Others 41 (68.0) 22 (7.6) 19 (6.1) 25 (6.2) 16 (8.0)
Tumor status, n, (%)
1 236 (39.1) 106 (36.4) 130 (45.2) N.S. 148 (36.6) 88 (44.2) N.S.
2 267 (44.3) 126 (43.3) 141 (45.2) 186 (46.0) 81 (40.7)
3 63 (10.5) 38 (13.1) 25 (8.0) 42 (10.4) 21 (10.6)
4 37 (6.1) 21(7.2) 16 (5.1) 28 (6.9) 9 (4.5)
Node metastasis, n, (%)
0 445 (73.8) 198 (68.0) 247 (79.2) .007 285 (70.5) 160 (80.4) .018
1 70 (11.6) 41 (14.1) 29 (9.3) 57 (14.1) 13 (6.5)
2 81 (13.4) 46 (15.8) 35(11.2) 56 (13.9) 25 (12.6)
3 7(1.2) 6 (2.1) 1(0.3) 6 (1.5) 1(0.5)
Pathological stage, n, (%)
| 378 (62.7) 164 (56.4) 214 (68.6) .010 241 (59.7) 137 (68.8) .089
] 106 (17.6) 56 (19.2) 50 (16.0) 78 (19.3) 28 (14.1)
1l 119 (19.7) 71 (24.4) 48 (15.4) 85 (21.0) 34 (17.1)
Adjuvant chemotherapy, n, (%)
Yes 254 (42.1) 117 (40.2) 137 (43.9) N.S. 160 (39.6) 94 (47.2) N.S.
No 349 (57.9) 174 (59.8) 175 (56.1) 244 (60.4) 105 (71.4)
EGFR mutation, n, (%)
Wild type 478 (79.3) 251 (86.3) 227 (72.8) <.001 329 (81.4) 149 (74.9) .069
Mutant 125 (20.7) 40 (13.7) 85 (27.2) 75 (18.6) 50 (25.1)
PD-L1%TPS
=1% 223 (37.0) 112 (38.49) 111 (35.58) N.S. 141 (34.90) 82 (41.21) N.S.
<1% 380 (63.0) 179 (61.51) 201 (64.42) 263 (65.10) 117 (58.79)
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Figure 3. Survival curves according to YTHDF1 and YTHDF2 expression in patients with non-small-cell lung cancer (NSCLC). Kaplan—Meier survival curves for overall
survival (0S) according to the expression of YTHDF1 (a) and YTHDF2 (b) (n = 603, log-rank test). Kaplan—Meier survival curves for recurrence-free survival (RFS) according
to YTHDF1 (c) and YTHDF2 (d) expression (n = 603, log-rank test). Kaplan—Meier survival curves for OS according to YTHDF1 (e) and YTHDF2 (f) expression in the

population who received adjuvant chemotherapy (n = 254, log-rank test).

Table 2. Univariate and multivariate Cox hazards model analyses for overall survival of patients with non-small-cell lung cancer.

univariate multivariate
Variable Per unit for HR HR 95% Cl P-value HR 95% Cl P-value
Age 1-year 1.022 1.006-1.038 .008 1.038 1.018-1.058 <.001
Sex Male/female 2.286 1.563-3.345 <.001 0.699 0.375-1.305 .261
Smoking status Ever/never 3.394 2.291-5.029 <.001 2.771 1.371-5.598 .004
Histology Adenocarcinoma/the other histologies 2.108 1.522-2.918 <.001 1.052 0.718-1.539 794
Pathological stage 1-stage 2.053 1.734-2.432 <.001 2.108 1.723-2.58 <.001
EGFR mutation Mutant/wild type 0.61 0.399-0.933 .027 0.839 0.502-1.401 503
chemotherapy Yes/no 0.994 0.731-1.350 967
YTHDF1 High/low 0.631 0.464-0.859 .003 0.729 0.513-1.035 .077
YTHDF2 High/low 0.677 0.498-0.919 012 0.675 0.456-1.002 051
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Table 3. Univariate and multivariate Cox hazards model analyses for recurrence-free survival of patients with non-small-cell lung cancer.

univariate multivariate
Variable Per unit for HR HR 95% Cl P-value HR 95% Cl P-value
Age 1-year 1.003 0.991-1.015 632
Sex Male/female 1.663 1.248-2.215 <.001 0.787 0.504-1.228 291
Smoking status Ever/never 1.976 1.457-2.680 <.001 1.746 1.069-2.854 .026
Histology Adenocarcinoma/the other histologies 1.763 1.350-2.303 <.001 1.123 0.818-1.54 473
Pathological stage 1-stage 2433 2.109-2.807 <.001 2.293 1.93-2.72 <.001
EGFR mutation Mutant/wild type 0.696 0.501-0.966 .03 0.917 0.628-1.339 .654
Adjuvant chemotherapy Yes/no 1.403 1.095-1.798 .007 1.084 0.808-1.454 .588
YTHDF1 High/low 0.664 0.518-0.850 .001 0.745 0.564-0.984 .038
YTHDF2 High/low 0.67 0.508-0.885 .005 0.683 0.503-0.928 .014

Interestingly, the group with low YTHDF1 had poor prognosis
compared with the YTHDFI1-high group, but there was no
significant difference in prognosis dependent on YTHDEF2
expression (log-rank test, P = .02 for YTHDFI1, P = .50 for
YTHDE2; Figure 3e, 3f). These results indicated that YTHDF1
and YTHDF2 were favorable prognostic factors in NSCLC,
which might be partly due to better response to adjuvant
chemotherapy in YTHDFI1.

Expression of YTHDF1 and YTHDF2 is associated with TILs
in the stroma in non-small-cell lung cancer

Because the expression levels of YTHDF1 and YTHDEF2 were
high in cancerous tissues, we investigated the surrounding
tumor environment to elucidate the mechanism underlying
the role of YTHDF1 and YTHDEF2 in better clinical outcomes.
Hence, we evaluated CD8+, FOXP3+, PD-14, and CD45RO+
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immune cells on behalf of TILs among tumor nests and tumor-
surrounding stroma. All subsets of TILs showed significant
positive correlations between tumor nests and tumor sur-
rounding stroma (r = 0.266 for PD-1+, r = 0.385 for FOXP3
+, r = 0.415 for CD45RO+, r = 0.581 for CD8+; Figure S4A-
D). In the tumor surrounding stroma, the number of almost all
subsets of TILs was significantly higher in high YTHDF1 and
YTHDEF2 tumors (P < .001 for Foxp3+, P = .01 for PD-1+, and
P = .005 for CD45RO+ TILs in YTHDFI; P < .001 for all
subsets of TILs in YTHDF2; Figure 4a, 4b). In the tumor
nests, the numbers of Foxp3+ and PD-1+ TILs were signifi-
cantly higher in high YTHDF2 tumors (P < .001 for Foxp3+,
P = .028 for PD-1+); however, there were no significant differ-
ences in TILs based on YTHDF1 expression (Figure 4c, 4d).
These observations suggest that the high expression of
YTHDFI1 and YTHDEF?2 is associated with a higher number of
TILs in the stroma.
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Figure 4. Expression of YTHDF1 and YTHDF2 is associated with tumor-infiltrating lymphocytes (TILs) in the stroma in patients with non—small-cell lung cancer. (a) Number of
TILs in tumor nests according to the expression of YTHDF1 (Mann-Whitney U test). (b) Number of TILs in tumor nests according to the expression of YTHDF2 (*P < .05
and ****P < .0001, Mann-Whitney U test). (c) Number of TILs in stroma according to the expression of YTHDF1 (**P < .01 and ****P < .0001, Mann-Whitney U test). (d)
Number of TILs in stroma according to the expression of YTHDF2 (***P < .001 and ****P < .0001, Mann-Whitney U test). All results were presented as means + SEM.



YTHDF1 and YTHDF2 knockdown suppresses cell
proliferation in lung cancer cells

To investigate the impact of YTHDFI1 and YTHDE?2 deficiency
in lung cancer cells, we used small interfering RNA (siRNA) to
knock down YTHDF1 and YTHDEF2 in lung cancer cells.
Knockdown efficacy was confirmed by qRT-PCR analysis
(Figure 5a, 5b). YTHDF1 knockdown significantly suppressed
the cell proliferation of PC9, A549, and H1299 cells. YTHDF2
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knockdown also significantly suppressed the cell proliferation
of PC9, A549, and H1299 cells (Figure 5c). We next assessed
the migration ability of YTHDF1 - and 2-knockdown cells
using a transwell migration assay, which revealed that there
was no significant reduction in the migration of PC9, A549,
and H1299 cells with YTHDF1 - or YTHDEF2-knockdown
(Figure S5). Subsequently, flow cytometric analysis for apop-
tosis showed that YTHDF1 and YTHDEF2 knockdown
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Figure 5. YTHDF1 and YTHDF2 knockdown suppresses cell proliferation and partially induces apoptosis in lung cancer cells. YTHDF1 and YTHDF2 mRNA expression were
reduced by silencing YTHDF1 (a) and YTHDF2 (b) in PC9, A549, and H1299. Results were presented as means + SD. (c) Effect of relative cell proliferation in PC9, A549, and
H1299 transfected with siRNA of YTHDF1 or YTHDF2 and control (siNC) (n = 3 for each group, *P < .05, **P < .01, ***P < 001, ****P < 0001 by two-way analysis of
variance). (d) The number of apoptotic cells was determined using flow cytometric analysis of PC9, A549, and H1299 cells transfected with siRNA for YTHDF1, YTHDF2, or
siNC. Percentages of apoptotic cells are shown in a representative scatter plot. The apoptosis rates in cells with YTHDF1 or YTHDF2 knockdown were compared to those
transfected with siNC and shown as a bar chart (n = 3, **P < .01 and ****P < .0001, Mann-Whitney U test). Results were presented as means + SD.
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increased the number of apoptotic PC9 and HI1299 cells
(Figure 5d). These results showed that YTHDF1 and
YTHDE?2 facilitated cell proliferation and partly reduced apop-
tosis in vitro. However, these observations were inconsistent
with the favorable prognosis in NSCLC patients with high
expression of YTHDF1 and YTHDEF2.

YTHDF1 and YTHDF2 knockdown increased tumoral PD-L1
expression in lung cancer cells

We evaluated the changes in global RNA expression in the
YTHDF1 and YTHDF2 knockdown PC9 cells using the
PanCancer IO 360 Gene Expression Panel with nCounter
analysis. We extracted total RNA from the PC9 cell line in
which YTHDF1 and YTHDEF2 expressions were silenced by
siRNA and analyzed differential gene expression using nSolver
4.0. The threshold was determined with a fold change of 2.0.
Five upregulated genes including CD274 and two downregu-
lated genes overlapped between the knockdown of YTHDF1
siRNA no.1 (siYTHDF1#1) and the knockdown of YTHDF1
siRNA no.2 (siYTHDF1#2). Six upregulated genes including
CD274 overlapped between the knockdown of YTHDEF2
siRNA no.l (siYTHDF2#1) and knockdown of YTHDF2
siRNA no.2 (siYTHDF2#2; Figure 6a). Based on the panel
expression analysis, we next evaluated the YTHDFI and
YTHDEF2 associations with tumoral PD-L1, which is encoded
by CD274 and a ligand for PD-1 receptor and acts as a co-
inhibitory molecule, which is also an important complemen-
tary marker for immune checkpoint inhibitors. The TCGA
data set showed that the expression level of CD274 was sig-
nificantly high in the low YTHDEF2 group. Although the
expression level of PD-L1 was not significantly high, there
was a high tendency in the low YTHDEF1 groups (Figure
S6A, S6B). We also performed GSEA with a hallmark gene
set using the TCGA data set stratified by the expression levels
of YTHDF1 and YTHDEF2. The GSEA revealed that the gene
set of the inflammatory response and complements was sig-
nificantly enriched in the low YTHDF1 and YTHDEF2 groups
(Figure S6C, S6D). These findings suggest that the expressions
of YTHDF1 and YTHDEF?2 are significantly associated with the
gene profiles linked to tumor immunity.

To validate the results of the gene expression panel, we next
evaluated the expression levels of CD274 in YTHDFI - and
YTHDF2-downregulated PC9 cells. The mRNA expression
levels of CD274 were significantly upregulated in YTHDF1
and YTHDF2 knockdown PC9 cells (P < .0001 for si-
YTHDF1#1 and #2, and P < .0001 for si-YTHDF2#1 and #2;
Figure S6E, S6F). In addition, the protein expression levels of
PD-L1 were upregulated in YTHDF1 and YTHDF2 knock-
down cells (Figure 6b). Next, we evaluated the cell surface
expression of PD-L1 among YTHDF1 - and YTHDEF2-
downregulated PC9 cells by flow cytometry. PD-L1 expression
was upregulated on YTHDF1 knockdown cells (P = .002) and
YTHDEF2 knockdown cells (P = .0002). PD-L1 expression was
also upregulated on YTHDF1 knockdown cells (P = .002) and
YTHDEF2 knockdown cells by interferon-y stimulation
(P = .0002; Figure 6¢c). These results indicate that the high
expression of YTHDF1 and YTHDE2 is associated with the
low expression of the co-inhibitor molecule PD-LI.

Discussion

In this study, we first demonstrated that YTHDF1 and
YTHDEF2 were significantly higher in tumor tissues as com-
pared with normal tissue in lung cancer series and significantly
associated with a better prognosis in patients with NSCLC.
Mechanistically, we showed that most subsets of TIL densities
were significantly higher in tumors with high expressions of
YTHDF1 or YTHDEF?2 as compared with those with low expres-
sions and tumoral PD-L1 expression was also upregulated in
YTHDF1 - and YTHDEF2-deficient lung cancer cells. Our
results suggest that YTHDF1 and YTHDEF2 inflamed the
tumor-immune microenvironment in NSCLC.

The m6A reader proteins specifically recognize the m6A
modification sites on mRNA, deciding the fate of affected
mRNA. Although various types of m6A reader proteins have
been reported, YTHDF1 and YTHDEF2 are proteins that have
been intensively studied. YTHDF1 is known to promote the
translation of the target transcripts via the interaction with
EIFs in some solid cancers.'>'® YTHDEF?2 is also a common
m6A reader protein, which promotes RNA decay and regulates
the target gene function via RNA instability. However, the
exact roles and the underlying mechanisms of these reader
proteins remain under investigation. Moreover, to draw con-
clusions regarding tumor aggressiveness or antitumor func-
tion, there is still room for discussion of m6A’s function
against cancer.

A few studies have already been published regarding the
clinical implications of YTHDF1 and YTHDF2 in NSCLC.
YTHDFI1, which is highly expressed in tumor cells, was
reported to be associated with better prognosis because its
depletion renders cancerous cells resistant to chemotherapy,
even though YTHDF1 has some pro-tumorigenic nature via
the modulation of cell cycle-related genes in vitro.** These
results were consistent with our in vitro study and patient
prognostic profiles. As a hypothesis to explain these two
conflicting events, i.e., YTHDFI, which is highly expressed
in tumors, is associated with improved prognosis whereas
the in vitro results are in contrast to its prognostic role
in vivo, our experimental results have novel implications
that tumor immunity including inhibitory co-stimulatory
molecules may be indirectly mediated. On the other hand,
YTHDEF2, which is highly expressed in tumor cells, was
reported to promote the translation of 6GPD mRNA,
which led to the activation of the pentose phosphate path-
way, resulting in the promotion of cell proliferation in lung
cancer cells. However, there was no association with worse
survival in patients with NSCLC.*° In this previous study,
there was a discrepancy between the results of in vitro cell
proliferation using lung cancer cells and the results of
analysis of patient prognosis. Tumor-mediated immunity
via inhibitory co-stimulatory molecules, as shown in the
present study, may also provide an explanation. A recent
study showed that the durable neoantigen-specific immu-
nity is regulated by YTHDFI, and YTHDFI-deficient mice
showed an elevated antigen-specific CD8 + T cell antitumor
response in colon cancer.*’ In contrast to previous reports,
our study demonstrated that almost all subsets of TILs in
the high YTHDF1 and YTHDF2 groups were also high in
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Figure 6. YTHDF1 and YTHDF2 knockdown increased tumoral PD-L1 expression in lung cancer cells. (a) Venn diagram indicating the number of common genes in
different sequences of siRNA at least 2.0-fold alteration of RNA expression (n = 1). (b) Representative immunoblot analysis of YTHDF1 and YTHDF knockdown lung
cancer cells. The protein expression of YTHDF1 or YTHDF2 and PD-L1 and GAPDH were shown. The score below the photo is a quantification of the relative intensity of
the PD-L1 band to GAPDH. (c) PD-L1 cell surface expression in PC9 cells with YTHDF1 or YTHDF2 knockdown with or without interferon-y stimulation determined by flow
cytometric analysis (n = 3 per group, ****P < .0001, Student’s t test). Results were presented as means + SD.

the tumor-associated stroma. This might be explained by
the difference in target genes between different cancer
types. In addition, PD-L1 was also upregulated in
YTHDFI1 - and YTHDF2-downregulated lung cancer cells.
These results suggest that high expression of TILs and
deficiency in the expression of the co-inhibitor molecule
PD-L1 may be associated with better prognosis in NSCLC
with high YTHDF1 and YTHDE2.

Our study had several limitations. First, our in vitro
experiment could not emulate the environment around
a tumor, which may not accurately reflect the in vivo obser-
vation. Because tumor microenvironment-mediated tumor

immunity is involved in a cancer-promoting role, the results
of in vitro experiments that lack a tumor microenvironment
might differ from prognostic results using human samples.
Second, this study did not scrutinize the underpinning mole-
cular mechanisms, especially their association with m6A RNA
modification. Indeed, YTHDF1 promotes the translation of
the transcript through the target mRNA, whereas YTHDF2
destabilizes the mRNA. In this study, the expression of PD-L1
was upregulated by the knockdown of YTHDF1 and
YTHDE?2. This result contradicts that CD274 is a direct target
for YTHDF1 and YTHDE2. To clarify the role of m6A in the
machinery of YTHDEF, further studies should be performed
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on tumor microenvironment-related genes and m6A-
mediated regulation of transcripts and proteins by YTHDF
perturbations.

In conclusion, high expressions of YTHDF1 and YTHDF2
were associated with an inflamed tumor microenvironment
and better patient survival in NSCLC. These m6A reader pro-
teins could be the novel prognostic and druggable targets
related to the tumor-immune system in lung cancers.
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