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RNA methylation sequencing shows different gene expression
signatures for response to azacytidine therapy in high-grade
myelodysplastic syndromes
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Myelodysplastic syndromes (MDS) are myeloid malignancies with heterogeneous gen-

of progression towards acute myeloid leukaemia (AML). Prognosis for patients treated
with hypomethylating agents (HMAs), as is azacytidine, the main drug used as front-
line therapy for MDS is mostly based on cytogenetics and next generation sequencing
(NGS) of the initial myeloid clone. Although the critical influence of the epigenetic
landscape upon cancer cells survival and development as well on tumour environ-
ment establishment is currently recognized and approached within current clinical
practice in MDS, the heterogenous response of the patients to epigenetic therapy is
suggesting a more complex mechanism of action, as is the case of RNA methylation.
In this sense, the newly emerging field of epitranscriptomics could provide a more
comprehensive perspective upon the modulation of gene expression in malignancies,

as is the proof-of-concept of MDS. We initially did RNA methylation sequencing on
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1 | INTRODUCTION

MDS represent a heterogenous group of disorders of the haemato-
poietic stem cell which are described by pathologists to have dys-
plasia in the myeloid, megakaryocytic and/or erythroid progenitors,
with the abnormal clone being a (pre)malignant clone that progres-
sively represses normal haematopoiesis. Patients often have pe-
ripheral cytopenia, with the natural evolution of the disease ranging
from indolent disease (low-grade MDS) that may span for several
years, to a more aggressive manifestation (high-grade MDS), when
most patients either progress to acute myeloid leukaemia (AML) or
eventually succumb due to bone marrow failure.

The incidence is often estimated to be lower than it actually
might be in the general population due to the complexity of diag-
nosis and classification of MDS, with around 70% being Iow-grade.2
Diagnosis and classification includes morphology, histopathology
and cytogenetic analysis, with flow cytometry and next generation
sequencing (NGS) being important in classifying MDS according to
the International Prognostic Scoring System (IPSS).>* IPSS-R sub-
divides MDS patients into prognostic groups and aids management
decisions. Whereas allogeneic haematopoietic stem cell transplan-
tation being the only curative option for MDS, firstline treatment
for high-grade MDS is based on hypomethylating agents (HMAs) for
more than 10years, having proven to prolong survival when com-
pared to other regimens.” Still, prognosis for patients treated with
HMAs, as is azacytidine, the main drug used as frontline therapy for
MDS is mostly based on cytogenetics and NGS of the initial myeloid
clone.®

Although the critical influence of the epigenetic landscape
upon a cancer cell's survival and development; as well on tumour
environment establishment is currently recognized and approached
within haematology clinical practice, the heterogenous response
of the patients to epigenetic therapy is suggesting a more complex
mechanism of action. In this sense, the newly emerging field of epi-
transcriptomics could provide a more comprehensive perspective
upon the modulation of gene expression in malignant pathologies.
Né-methyladenosine (m®A) is the most common non-genetic alter-
ation in mRNAs and has role in RNA metabolism but also in medi-
ating aberrant gene expression profiles with effects on installation
and development of diseases. RNA methylation is mediated by m°A

MDS patients (n=6) treated with azacytidine and compared responders with non-
responders. Afterwards, the genes identified were assessed in vitro and afterwards
validated on a larger cohort of MDS patients treated with azacytidine (n=>58). Our
data show that a more accurate prognosis could be based on analysing the methyl-
ome and thus we used methylation sequencing to differentially split high-grade MDS
patients with identical demographical and cytogenetic features, between azacytidine

responders and non-responders.

myelodysplastic syndromes, prognosis, RNA methylation sequencing

methyltransferases, removed by demethylases and identified by
mC®A binding proteins, all of them recognized as ‘writers’, ‘erasers’
and ‘readers’, respectively. The mechanism of RNA methylation in
solid and haematological tumours is in its early years, without com-
prehensive clarification, and whatever this mechanism can surpass
epigenetic changes is unknown. haematological patients that are
non-responders to demethylating agents could be characterized by
a dominant RNA methylation profile that favours the cancer pheno-
type or could present compensatory feedback mechanisms at the
level of RNA to impede the modifications from the DNA induced by
epigenetic therapy.”® Wide screening of different markers from the
RNA methylation machinery could predict the eligible patients for
epigenetic treatment, while analysis of the molecular background of
the non-responder patients could offer new insights into the mecha-
nisms of dynamic RNA methylation in cancer. This is the first report
that assess the role of RNA methylation in acquiring resistance to
hypomethylating agents, but the data in the field is still scarce and
further research in the field is required.

Real-world data reveal that a substantial portion of patients with
MDS do not respond to epigenetic therapy with hypomethylating
agents, as is azacytidine. The cellular and molecular reasons for this
resistance is largely unknown.

Our hypothesis is that a more accurate prognosis could be based
on analysing the methylome and thus we used methylation sequenc-
ing to differentially split high-grade MDS patients with identical
demographical and cytogenetic features, between azacytidine re-

sponders and non-responders.

2 | MATERIALS AND METHODS
2.1 | Initial screening MDS patient cohort

Six initial patients (n=6) were enrolled in the current study, after
having signed the informed consent forms. All clinic-demographical
characteristics were similar, all having the same age range (60-
65years old), all with a diagnosis of MDS, IPSS intermediate-2 grade,
with normal karyotype. We compared patients that had a haema-
tological response to azacytidine therapy (n=3), that have received
at least 6cycles of therapy, and afterwards lost the response and
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evolved towards AML to patients (n=3) that maintained a long-term
haematological response to azacytidine therapy, achieving long-

term haematological response.

2.2 | Total RNA fragmentation and m®A
immunoprecipitation

Total RNA integrity was measured by Qubit RNA HS Assay and re-
spectively Agilent 2100 Bioanalyzer (Agilent Technology). 10pg of
total RNA from each patient sample was afterwards fragmented by
using a 10X RNA Fragmentation Buffer (Invitrogen) following incu-
bation in a preheated thermal cycler at 70°C for 10 min. Fragmented
RNA was then pelleted by ethanol precipitation. Both protein A and
protein G magnetic beads were then washed twice using IP buffer
(150mM NaCl, 10mM Tris-HCI pH7.5, 0.1% IGEPAL CA-630 in
nuclease-free H,0) and then incubated along with 5ug mCA antibody
(Synaptic Systems) for 2h at 4°C. After being washed twice with the
IP buffer, the antibody-beads complexes were later resuspended in
500yl of the IP reaction mixture, which included fragmented total
RNA, before incubation at 4°C for 4 h. The immunoprecipitated méA
RNA with protein A/G magnetic beads was then washed 3 times
using IP buffer for 10 min each at 4°C. Finally, the beads complexes
were resuspended in 100pl of méA competitive elution buffer with
continuous shaking for 1 h at 4°C. The supernatant that contains the
eluted m®A RNA was later collected in another new tube and then

purified using phenol:chloroform:isoamyl alcohol (125:24:1).

2.3 | Library construction

The libraries that used the eluted RNA were constructed using the
SMARTer Stranded Total RNA-Seq Kit version 2 (Takara/Clontech).
The eluted m®A RNA and input RNA were conducted directly
first-strand c¢cDNA synthesis without additional fragmentation.
The libraries for IP RNA were amplified by using PCR for less than
16 cycles, with input libraries being less than 12cycles. All libraries
were afterwards analysed by an Agilent 2100 Bioanalyzer (Agilent
Technologies) and then quantified by real time PCR, before sequenc-

ing was performed.

2.4 | Raw data filtration and sequence alighment

Low quality bases were trimmed using trimmomatic (version: 0.38).
Forthis protocol, the options and parameters used for filtering the raw
reads were as follows: ILLUMINACLIP:MeRIP-PE.fa:2:30:10:1:true
SLIDINGWINDOW:30:15 AVGQUAL:15 LEADING:15 TRAILING:15
MINLEN:3. Clean reads were afterwards mapped to Homo_sapiens.
GRCh38.dna.toplevel.fa(Homo sapiens) genome (hg38) by using
hisat2 (version:2.1.0) with the default parameters. The alignment
file(SAM) was then transformed to BAM file and filtered according
to the following steps: (1) only keep unique properly aligned reads;

(2) remove reads with low MAPQ (<30). (3) remove reads mapped to

blacklist regions.

2.5 | Peak calling and differential peak detection

Peaks and detection of differential peaks from filtered alignment files
with parameters that ‘WINDOW_WIDTH=200 SLIDING_STEP=30
FRAGMENT_LENGTH=150 DIFF_PEAK_ABS_FOLD_CHANGE=2-
FOLD_ENRICHMENT=2" were called by using R package exome-
Peak (version: 2.1.2). The annotation file used to annotate the peaks
was downloaded from UCSC. Only peaks with FDR <0.05 and fold-

change > =2 were identified as being significantly differential peaks.

2.6 | Gene expression calculation

Gene expression calculation was performed with by StringTie soft-
ware, according to the default parameters. Gene expression profil-
ing was based according to the number of reads. TPM (Transcripts
Per Million mapped reads) values estimated the expressed values
and transcript levels. DESeq2 identified differentially expressed
genes (DEGs). Genes with an adjusted p value (padj) <0.05 and abs
(log2(fold change)) >1 were assigned as DEGs. GO and KEGG en-
richment analysis was performed by cluster profiler. KEGG (Kyoto
Encyclopedia of Genes and Genomes) (http://www.kegg.jp/) is a col-
lection of databases that deals with genomes, biological pathways,
diseases, drugs, as well as chemical substances. This was used for
bioinformatics analysis. Gene ontology (GO) (http://www.geneo
ntology.org), a major bioinformatics initiative unifies the representa-

tion of gene and gene product attributes across all species.

2.7 | Assessment of the RNA methylation
sequencing results in vitro

The MDS-L cell line was cultured in RPMI-1640 medium supple-
mented with 10% fetal bovine serum 1% glutamine and 1% peni-
cillin-streptomycin. The culture medium and all the supplements
were acquired from Gibco. During the experiments, the cells were
maintained in a 5% CO,-filled, sterile, humidified chamber. MDS-L
cells were cultured in 96-well plates and treated in triplicate with
10 increasing concentrations of azacytidine, ranging from 0 to
100 micromolar in order to determine the half-maximal inhibitory
concentration (IC,,). Every 24 h, azacytidine was added to the cul-
ture media. After 72h of treatment, live cells were counted using
the NanoEntek EVE automated cell counter and 0.4% trypan blue
(purchased from EVE Countess). In subsequent studies, MDS-L cells
were exposed to inhibitory concentration 25 (IC25 =53 micromolar),
which was established by means of prior cell viability tests. Every
24 h, azacytidine was added to the culture medium. Following a 72-h
treatment period, treated and control cells were collected, washed
and kept in 800 microliters of Trireagent.
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2.8 | Validation MDS patient cohort

The bone marrow aspirate from patients diagnosed with MDS (n=58)
was collected on K2EDTA coated tubes and processed immediately
to avoid sample denaturation. The Mononuclear cells were isolated
by Ficoll separation at 650xg for 30 min with slow acceleration and
deceleration. The Cells were further washed with PBS1X and stored
in 800 L of Trireagent (Thermo Scientific, Waltham, MA, USA) until
further use.

The RNA was extracted from cells and patient samples that were
kept in Trireagent at —~80°C. The extraction protocol started by mix-
ing 160pL of chloroform with 800pL of sample in Trireagent, fol-
lowed by a mixing step and an incubation at room temperature for
5min. The samples were centrifuged at 10.000xg at 4°C for 20 min,
then the aqueous phase (clear part of the sample) was transferred

| UL TN RN AT VT AT AT O T

L1 O N T L A

0 Mb 50 Mb 100 Mb 150 Mb 200 Mb 250 Mb

O A I AT 1

in another sterile 1.5mL tube and mixed with 500 uL of 2-propanol,
vortexed and incubated at room temperature for 10min. The sam-
ples were centrifuged at 13.000xg for 15min at 4°C, and the su-
pernatant was carefully removed without disturbing the RNA pellet.
On top of the pellet, 1 mL of pure Ethanol was carefully poured, and
the samples were centrifuged at 17800xg for 10min at 4°C and
the supernatant was carefully removed. After 15min drying step,
the pellet was dissolved in ultrapure water (50puL) and kept on ice
until reading the RNA samples using the NanoDrop2000 system
(Waltham, MA, USA). All reagents were purchased from Thermo
Scientific (Waltham, MA, USA). The resulted RNA was further pro-
cessed for cDNA synthesis, starting with a DNAse treatment step,
according to the TURBO DNAse Kit protocol (Thermo Scientific,
Waltham, MA, USA). The Pure RNA resulted after the treatment was
measured using the NanoDrop2000 system, and the same amount
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of RNA was used for cDNA synthesis step. The cDNA synthesis
was performed according to the protocol for High-Capacity cDNA
Reverse Transcription Kit (Thermo Scientific, Waltham, MA, USA).
The cDNA was further used for RT-PCR assays.

The RT PCR analysis was performed using the SyBr Green PCR
Master Mix 2X (Thermo Scientific, Waltham, MA, USA), at a final vol-
ume of 20pL of mix. The reaction was analysed using the Step One
Plus RT PCR machine (Thermo Scientific, Waltham, MA, USA), in 96
well plates. The results were calculated as relative gene expression
(27-DCT) comparing with the control samples. The statistical analy-
sis was performed using GraphPad Prism 8 software.

3 | RESULTS

3.1 | Functional enrichment analysis of differential
peak-associated gene

The differential peak distribution on the chromosomes of the regions
that are methylated most and, respectively, least in MDS patients
that responded to azacytidine monotherapy is shown in Figure 1.
The project aimed to maintain and develop its own controlled vo-
cabulary of gene and gene product attributes, as well as annotate
genes and gene products, thus assimilating and disseminating an-
notation data. This allows a tool for the easy access to all of the data
generated by the project and thus enables a functional interpreta-

tion of experimental data by using GO. One eloquent example is

WILEY-L2°™

enrichment analysis. Functional enrichment was performed in three
categories of GO terms: Biological process (BP), molecular function
(MC) and cellular component (CC). Figure 2 depicts the genes differ-
entially expressed (DEGs) between responders and non-responders,
along with their function (Figure 3).

3.2 | Correlation between differentially expressed
genes and peaks

The four-quadrant graphic of méA-related genes and DEGs in re-
sponders and non-responders is depicted in Table 1. According
to Table 1, a potential gene with clinical impact in RNA meth-
ylation following therapy with azacytidine for MDS might be
ENSG00000000938, or SRC2, a FGR proto-oncogene, not previ-
ously reported to play a role in RNA methylation of leukemogenesis.

3.3 | Invitro assessment on the effect of
azacytidine on MDS

For the MDS-L cell line, the gene expression indicated five genes
with statistically significant changes in their relative expression. The
results are depicted in Figure 4A-C. The analysis was performed

using a t-test with Welch's correction. The results are expressed as
*p<0.05, **p<0.01 and *** for p<0.001, where n=3 (number of
replicates).

FIGURE 2 Heat map of differentially
expressed genes (DEGs). (A) represents
the patients that were treated with
azacitidine, achieved remission and
maintained the remission. (B) represents
the patients that initially achieved a
remission but relapsed and the disease
progressed to AML. (C) represents the
patients that were refractory from the
beginning to azacytidine therapy and
progressed to AML.
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FIGURE 3 Scatter plot of enriched
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histone binding - ®
RNA polymerase |l-specific DNA-binding transcription factor binding - @
DNA-binding transcription factor binding = ®
transcription coregulator activity = .
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—log10(pvalue)
X TABLE 1 m%A-related genes and EDGs
Gene m_FC m_FDR m_sig g_FC g_FDR col
(responders vs. non-responders).
ENSG00000000460 2.01 -12 Yes -0.39150145 0.820533482  Grey
ENSG00000000460 1.12 -1.92 Yes -0.39150145 0.820533482  Grey
ENSG0O0000000938 2.29 -6.4 Yes 2175587417  7.68E-21 Red
ENSG00000001167 1.25 -1.99 Yes -0.191253868 1 Grey
ENSG00000001497 0.653 -2.09 Yes -0.641926715 0.038013886 Orange
ENSG00000001497 1.76 -12 Yes -0.641926715 0.038013886 Orange
ENSG00000001561 0.799 -2.12 Yes -0.065072858 1 Grey

Abbreviations: col, color in four-quadrant graph; g_FC, log2(fold change)

of diff gene; g_FDR,

log10(FDR) of diff gene; Gene, gene symbol; m_FC, log2(fold change) of diff méA; m_FDR,

log10(FDR) of diff m°A.

3.4 | Validation of the in vitro data using an MDS
patient cohort

Validation of the data obtained in vitro was carried out using an
extended MDS patient cohort. The Samples were divided into two
groups, the untreated ones (at diagnosis, where n=58) and the
treated ones (after at least 1 cycle of Aza, where n=13). The patient
characteristics of the patient cohort is shown in Table 2.

For the five genes that displayed significant changes between
the experimental groups in vitro, we have performed the RT-PCR
analysis on samples from patients (Figure 5).

4 | DISCUSSION

For high-grade MDS, in the United States and Europe, the only cu-
rative therapeutic option is an allogeneic stem cell transplantation.
Should a transplant not be a foreseeable option for the patient, as
they are not eligible for intensive chemotherapy, HMAs represent
the frontline standard-of-care. Azacytidine is mostly used, and
many attempts have been used so far to increase the efficacy by
adding novel drugs, but with limited success so far. Using azacy-
tidine is often associated with unpredictable results in the clinic,
with patients that apparently have similar demographic, genetic
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FIGURES 4 (A-C)In vitro assessment
of the differentially expressed genes

that were upregulated in responders
versus non-responders following RNA
methylation sequencing on the initial
cohort. The in vitro tests used an MDS
cell line treated with azacytidine. *p <0.05;
**p<00.01; ***p<0.001
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and haematological characteristics having different outcomes.
Some achieve long-term haematological remission, whereas other
progress to AML being afterwards refractory to induction chemo-
therapy. This clinical observation may be the direct consequence of
methylation of both DNA, for which azacytidine was proven to be
effective, as well as a direct of RNA methylation. RNA methylation
following therapy with azacytidine for MDS was investigated in the
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current manuscript, aiming to differentially separate responders
from non-responders.

RNA m®A methylation is a post-transcriptional change that ap-
pears at the nitrogen-6-position of adenine. This modification is
dynamically reversible and is installed, removed and recognized by
methyltransferases, demethylases and readers, respectively. RNA
m®A methylation is reported in most of the eukaryotic mMRNA, tRNA
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and other non-coding RNAs. m®A is shown to be present in 0.1%-
0.4% of all the adenosines in global cellular RNAs and accounts for
50% of all methylated ribonucleotides, as proven by Figure 6. The
RNA methyltransferase complex comprises the methyltransferase-
like 3 (METTL3)/METTL14 core subunits, as well as other cofactors
and is responsible for the deposition of m®A on mRNA. METTL3 is
the catalytic subunit and METTL14 is crucial to target recognition.
Wilms' tumour 1-associating protein (WTAP) regulates the recruit-
ment of the m®A methyltransferase complex to mRNA targets. méA
is an mRNA modification identified in some viruses, but in nearly
all eukaryotes. Various cytopathological processes involve nuclear
RNA export, splicing, miRNA biogenesis and IncRNA metabolism,
as well as mRNA stability or circRNA translation and have recently

been linked to aberrant levels of m°A. Additionally, m®A modification

TABLE 2 MDS patient cohort characteristics.

is linked to numerous physiological and pathological phenomena,
including human metabolism, immunoregulation, development, car-
cinogenesis and resistance to therapy, as is the case of the present
data (Figure 7).

DNA methylation signature has been shown to be different be-
tween MDS patients that respond to HMAs therapy.”*° Still, azacyt-
idine de-methylates DNA, but not RNA. Thus, RNA methylation was
not previously reported to play a role in differentiating MDS patients
between responders and non-responders. As azacytidine has little
or no effect on RNA methylation, genes differentially expressed be-
tween responders and non-responders might potentially play a role
in predicting MDS response to therapy. One potential such gene is
the SRC2 gene, not previously reported to be linked to methylation
status in cancer, but with an interesting potential in MDS and leu-
kaemia biology. This hypothesis is far from being new, as proven by

|711

the work of Cheng et al,”* in leukaemia. In all malignancies, as well as

in pre-malignancies, as is the case of MDS, resistance to treatment

Characteristic N?=58 is often leading to a dismal prognosis and patient death. Resistance
Age 68(9) to treatment, including chemotherapy or targeted therapy, can be
WBC 11 (16) influenced by RNA epigenetics and chromatin structure. Cheng et al
Hb 9.28 (2.36) have shown that for malignant cells, RNA 5-methylcytosine and
Pl 87 (86) RNA: m°C methyltransferases mediate chromatin structures, lead-
s ing to resistance to epigenetic treatment. Our manuscript comes to
ex
support this data, in a less aggressive myeloid disorder, as is MDS.
F 22/58 (38%
/58 (38%) Still, once this biological phenomenon develops, these patients
M 36/58 (62%) .
lose treatment response and evolve towards AML, often to dismal
Mean (SD); n/N (%). outcomes.
4 *
P=0.018 * *
P=0.042 P=0.046
2 -
[
©
<
o
3
o
w
D L
221
|
-4 .
-6 T T T T T T T T T T FIGURE 5 RT PCR analysis on MDS
< o <Q o < > < o < o samples from patients of the validation
N <° O <Q° > <° o <° o <°
O N ‘\Q Q(' QQQ & <\ o) \g{‘ ) cohort. TO—patient at diagnosis.
e (\Q? Q‘\\Q' ‘\qb‘ & _(qbo "‘/\ Q? Qgs Post—patients after azacytidine
D treatment. *p <0.05.

85UB017 SUOUILIOD BA1TE.1D) 8[ealdde 8y Aq peusenob a1e sejolie YO ‘SN J0 $9|NI o} ARiq1 T 8UlUO A8|IA UO (SUOTHIPUOD-PUR-SLLIBY WD A8 | 1M ALRIq 1 U1 IUO//SANY) SUORIPUOD PUe SWLB | 8U1 89S *[9202/20/90] UO ARIq1Tauluo A8 (1M ‘S1SIOAIUN RIUPAY 1]V BWURN Wepeqioy Aq 8200, WWD[TTTT OT/I0p/Woo A3 1m Areiq1jeuluo//sdny Wwolj pepeo|umod ‘8T ‘v20Z ‘E6728ST



GULEI eT AL. 9 of 10
Wl LEYJL

FIGURE 6 RNAm®A methylation Adenosine NB-methyladenosine (mfA)
is a post-transcriptional modification
that occurs at the nitrogen-6 position
of adenine. This dynamically reversible

epe . . N \N N \N
modification is installed, removed and </ | </ | )
recognized by methyltransferases, N N) N N
demethylases and readers, respectively. HO. HO

This modification has been found in most
/\jo\o}\ — /\j\/\
~ FTO/ALKBHS

H_H H__CH,

eukaryotic RNA species.

m6A m6A
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FIGURE 7 m®A as an mRNA modification that is abundant in some viruses and nearly all eukaryotes. A variety of cytopathologic
processes involving nuclear RNA export, splicing, mRNA stability, circRNA translation, miRNA biogenesis and IncRNA metabolism have
recently been linked to aberrant levels of m®A. In addition, m®A modification has been associated with numerous physiological and
pathological phenomena, including obesity, immunoregulation, yeast meiosis, plant development and carcinogenesis.
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Still, a large cohort is further needed to compared responders
with non-responders, as well as a potential biological process of
‘gain of RNA methylation’ following azacytidine therapy, as a bi-
ological background of gain of resistance to treatment and AML
progression.
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