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Abstrakt

Myelodysplasticky syndrom (MDS) je heterogenni skupina onemocnéni charakterizovana klonalni
poruchou krvetvorby s rizikem transformace do akutni myeloidni leukémie (AML). Na zakladé
vySetieni krevniho obrazu, kostni dfen¢ a cytogenetiky je podle mezindrodnich prognostickych
skorovacich systémt urcovano riziko transformace do AML. Presné urceni rizika je klicové
pro zvoleni spravné 1écby.

Cilem této prace byla identifikace molekuldrnich markeri pro vcasnou detekci progrese
onemocnéni. Pomoci cDNA ¢ipti a sekvenovani nové generace byly analyzovany dlouhé
nekddujici RNA (IncRNA) a rekurentné mutované geny v buiikach kostni diené. Zaroven bylo
nasim cilem popsani signalnich drah, které se podili na progresi onemocnéni, a vysvétleni, jak
dané biomarkery k progresi pfispivaji.

V transkriptomové studii jsme identifikovali 4 kandidatni IncRNA, které by mohly slouZit jako
prognostické biomarkery hor$itho pribéhu MDS, a to HI9, WTI-AS, TCL6 a LEFI-ASI.
Na zéakladé nékolika statistickych piistupti jsme prokazali, ze hladina transkriptu H79 mize slouzit
jako velmi silny nezavisly prognosticky marker. Navic nase data ukazala, ze progrese
je doprovazena poruchou transkripéni regulace imprintovaného lokusu H19/IGF2 a miR-675,
kterd ptimo reguluje H19 a hraje vyznamnou roli v tumorigenezi.

V genomické studii zaméfené na pacienty s niz§im rizikem jsme pomoci univariantni analyzy
identifikovali mutované¢ geny RUNXI, SETBPI, STAG2, TP53 a U2AFI jako geny
se signifikantnim vlivem na délku pfeziti bez progrese. V multivariantni analyze byl mutovany
gen RUNXI urCen jako nejsilnéjSi prediktivni marker casné progrese. Ukazali jsme, jak
inkorporace muta¢niho statutu genu RUNX! do Revidovaného mezinarodniho prognostické
skorovaciho systému muze zlepsit stratifikaci pacientd. Popsali jsme asociaci tohoto genu s drahou
odpovédi na DNA poskozeni (DDR) a bunécnou senescenci, a ze ztrata jeho funkce zplisobena
mutaci vede k pfekonani buiiku chranici bariéry a k progresi onemocnéni. Deregulace drahy DDR
a bun&cné senescence u pacientli s mutaci v genu RUNXI byla pozorovéana i na funk¢ni urovni
sledovanim exprese proteinu YH2AX a aktivity f-galaktosidazy asociované se senescenci.
Identifikovali jsme geny, které, at’ mutované nebo s deregulovanou expresi, mohou byt vyuzity
jako prediktivni markery progrese MDS. Tyto poznatky mohou pfispét k v€asné identifikaci
pacientl v riziku progrese onemocnéni a vést k zahdjeni optimalni 1écby. Zaroven jsme popsali
bunécné procesy asociované s danymi biomarkery a navrhli jejich mozné zapojeni v patogenezi

onemocnéni.

Klicova slova: myelodysplasticky syndrom, patogeneze, progrese, IncRNA, RUNX1



Abstract

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal hematopoietic disorders
with a risk of transformation into acute myeloid leukemia (AML). The International Prognostic
Scoring Systems integrate clinical data and cytogenetics to determine the risk of AML
transformation for individual patients. Precise risk assessment is crucial for treatment decision-
making.

The aim of this thesis was to identify molecular markers for the early detection of disease
progression in MDS patients. Using cDNA microarrays and next-generation sequencing, we
targeted long noncoding RNAs (IncRNAs) and recurrently mutated genes in bone marrow cells.
In addition, we focused on the identification of pathways related to the progression of MDS and
understanding how the identified biomarkers participate.

In the transcriptome study, we identify 4 candidate IncRNAs that may serve as prognostic
biomarkers of the adverse course of MDS: H19, WTI1-AS, TCL6, and LEF1-AS. Using various
statistical approaches, we determined the level of H/9 to be a strong independent prognostic
marker. Furthermore, our data showed that disruption of transcriptional coregulation
of the imprinting locus H19/IGF2 and miR-675, which directly regulates 79 and plays a role
in tumorigenesis, accompanies disease progression.

In the genomic study aimed at lower-risk MDS patients, we identified mutated RUNXI, SETBP1,
STAG2, TP53, and U2AFI genes to have a significant effect on progression-free survival
by univariate analysis. In multivariate analysis, the mutated RUNX] gene was determined to be
the strongest predictive marker of rapid progression. We showed how the implementation
of the RUNXI mutational status into the Revised International Prognostic Scoring System may
improve patient stratification. We described an association of RUNXI with the DNA damage
response (DDR) and cellular senescence and that its loss-of-function mutations lead to escape
from these cellular protection barriers and to progression. The deregulation of DDR and cellular
senescence in RUNXI-mutated patients was verified at the functional level by the detection
of YH2AX protein expression and senescence-associated -galactosidase activity.

In conclusion, we identified mutated and deregulated genes that can be used as predictive markers
of rapid progression in MDS. Our results may contribute to the early detection of patients at risk
of disease progression and the initiation of appropriate treatment. Simultaneously, we described
cellular processes in which the biomarkers are involved and suggested their role in disease

pathogenesis.

Keywords: myelodysplastic syndromes, pathogenesis, progression, IncRNA, RUNX]



1. Introduction

1.1 Myelodysplastic syndromes

Myelodysplastic syndromes (MDS) are a heterogenecous group of clonal disorders
of hematopoietic stem cells (HSCs) characterized by ineffective hematopoiesis, cytopenias, and
risk of transformation to acute myeloid leukemia (AML). The management of MDS is intended
to slow the disease, ease symptoms, and prevent complications. There is no cure except
for hematopoietic stem cell transplantation (HSCT).

For prognostic purposes, MDS patients are classified according to their risk of transformation
to AML using the International Prognostic Scoring System (IPSS) (Greenberg et al., 1997)
or the Revised International Prognostic Scoring System (IPSS-R) (Greenberg et al., 2012). Based
on the risk score, patients are divided into two subgroups: lower-risk MDS (LR-MDS) and higher-
risk MDS (HR-MDS) (Mufti et al., 2018; Pfeilstocker et al., 2016). Approximately two-thirds
of MDS patients have LR-MDS. LR-MDS are characterized by increased apoptosis, deregulated
immunity, and ineffective myelopoiesis, whereas HR-MDS are characterized by increased cell
survival and proliferation (Parker et al., 2000, 1998; Pellagatti et al., 2010). Stratification of MDS
patients according to their risk of AML transformation is crucial for treatment decision-making
and patient management. The most challenging goal is to recognize LR-MDS patients who may
have a higher likelihood of progression and should be treated appropriately. Thus, efforts have
been made to develop more accurate predictors with a focus on molecular data, such as mutations
and gene expression.

The heterogeneity of MDS is well characterized at the morphological as well as molecular level.
Genetic and non-genetic factors are involved in the pathogenesis of MDS; however, the exact

mechanism has not been fully elucidated yet.

1.2 Somatic mutations in the pathogenesis of MDS

Somatic DNA mutations are present in 70-80% of MDS patients, and the most frequently mutated
genes encode spliceosomal factors, epigenetic regulators, transcription factors, tumor suppressor
TP53, or parts of the signal transduction and cohesin complex (Haferlach et al., 2014;
Papaemmanuil et al., 2013; Platzbecker et al., 2021). More than 50 genes are recurrently mutated
in MDS (Haferlach et al., 2014; Papaemmanuil et al., 2013); however, no gene is mutated in more
than a third of MDS patients (Bersanelli et al., 2021; Papaemmanuil et al., 2013). One
of the mutated genes with highly adverse effect on the outcome of MDS patients is RUNX! (Bejar
et al., 2012; Chen et al., 2007; He et al., 2020; Jiang et al., 2020). RUNXI encodes a transcription
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factor critical for embryonic hematopoiesis and the development of megakaryocytes and platelets
in adult hematopoiesis (Ichikawa et al., 2013) and is frequently mutated in hematologic

malignancies (Branford et al., 2018; Ichikawa et al., 2013; Sood et al., 2017).

1.3 LncRNAs in the pathogenesis of MDS

Noncoding RNAs (ncRNAs) play an important role in MDS as well. The main classes
contributing to the MDS pathogenesis are microRNAs (miRNAs), long noncoding RNAs
(IncRNAs), and piwi-interacting RNAs (piRNAs). LncRNAs are RNA molecules longer than
200 nucleotides that do not encode proteins. LncRNAs are shown to be involved in normal
hematopoiesis (Ng et al., 2019). Although many studies have focused on deregulated IncRNAs
in AML (Huang et al., 2019; Hughes et al., 2015; Ma et al., 2020; Wu et al., 2015; Zhang et al.,
2014), few have investigated their effect in MDS (Liu et al., 2017; Zhao et al., 2019). These
studies showed that aberrantly expressed IncRNAs in MDS are involved in cancer-associated
signaling pathways and cellular processes, such as cell proliferation, cell migration, and immune

response.

1.4 Mechanisms of the progression

The development and progression of MDS to AML is suggested to be a consequence
of the sequential acquisition of somatic mutations in HSCs (Nolte and Hofmann, 2010).
The expansion of a subclone with favorable mutations is a common phenomenon during
progression (Da Silva-Coelho et al., 2017; Kim et al., 2017; Liu et al., 2021; Stosch et al., 2018;
Walter et al., 2012). Usually, mutations in subclones associated with progression may be detected
months before progression is observed clinically.

As reviewed by Zhou et al., 2013, MDS is a disease of genomic instability. Therefore, the origin
of mutations that lead to progression may be caused by altered DNA damage recognition and
repair mechanisms. Furthermore, aberrant DNA methylation accompanies disease progression
(Jiang et al.,, 2009; Nolte and Hofmann, 2010; Stosch et al., 2018; Zhou et al., 2020).
Hypermethylation of tumor suppressors may be one of the mechanisms of progression.

Despite these discoveries and new technologies, the precise nature of disease progression remains

to be elucidated.



1.5 The DNA damage response (DDR) and cellular senescence

The DDR represents the cellular reaction to DNA damage. It is a cascade of DNA damage
sensors, mediators, transducers, and effectors resulting in a cellular response. The response may be
cell-cycle arrest, chromatin remodeling, changes in transcription, repair or bypass of DNA
damage, or apoptosis (reviewed in Jackson and Bartek 2009 and O’Connor 2015). The DDR
in precancerous cells provides a barrier to uncontrolled cell growth (Bartkova et al., 2005;
Gorgoulis et al., 2005). Despite increasing DNA damage from MDS to AML, the DDR is reduced
in AML compared with MDS (Boehrer et al., 2009; Popp et al., 2017). The expression of DNA
repair genes is deregulated in CD34+ BM cells of MDS patients and presents a specific expression
pattern between LR-MDS and HR-MDS (Valka et al., 2017).

Long-lasting DDR signaling may result in cellular senescence (Coppé et al., 2008; Feringa et al.,
2018). Cellular senescence is a complex mechanism protecting the organism against damage that
accumulates in the cell during its life and is closely related to aging (Baker et al., 2011)
(Hernandez-Segura et al., 2018; Schosserer et al., 2017). It was shown to be upregulated in various
preneoplastic lesions and serves as a barrier in tumor development (Acosta et al., 2008; Braig et
al., 2005; Chen et al., 2005). Although senescence has been shown to protect the organism against
the emergence of malignant clones, it can promote chronic inflammation and subsequently cancer
or age-associated diseases due to the secretory activity of senescent cells (Coppé et al., 2008;
Georgilis et al., 2018; Ortiz-Montero et al., 2017). Senescence, as well as DDR signaling, has been
described to increase in mononuclear cells or CD34+ MDS cells compared with AML (Wang et

al., 2009) and decrease with a higher risk score according to the IPSS.

2. Aims of the thesis

Due to the highly variable clinical course of MDS, it is crucial to determine reliable markers
of patient outcomes. Especially in low-risk categories, it is very important to identify patients
at risk of rapid progression and to choose the most appropriate treatment. The identification
of markers associated with rapid progression may further provide deeper insights into

the molecular nature of MDS progression and may suggest novel candidates for targeted therapy.



Major aims:
e To identify novel potential biomarkers of adverse outcomes in MDS patients at the DNA
and RNA levels
o To identify deregulated IncRNAs predicting adverse outcomes in MDS patients
o To identify somatic mutations acting as molecular markers of rapid progression
in LR-MDS patients
e To describe the role of these biomarkers in disease development and rapid progression
e To identify the main biological pathways whose deregulation plays a role in rapid

progression

3. Material and Methods

The description of material including the patients’ samples is detailed in the published papers
included in this thesis. Here, I present the list of methods used in the published papers. A detailed
description is provided in the Methods and Supplementary Methods sections of the published
papers.
DNA/RNA isolation — Publication I and II
Microarray profiling — Publication I
Reverse transcription quantitative PCR (RT-qPCR) — Publication I
Next-generation sequencing (NGS)
— Targeted gene sequencing — Publication I and 11
— RNA sequencing — Publication II
Sanger sequencing — Publication I1
Flow cytometry — Publication II
Immunohistochemistry — Publication 11
Bioinformatics — NGS data processing pipeline — Publication I and II
— IncRNA-PCG coexpression network analysis (network-based IncRNA co-module
function annotation method) — Publication I
— Machine learning — Publication II

Statistical analysis — Publication I and II



4. Results

The molecular pathogenesis of MDS is a very complex process. Whole genome approaches have
enabled us to obtain a comprehensive picture of the MDS genomic landscape and to reveal cellular
pathways involved in disease development, progression, and relapse. In this thesis, we focused
ontwo emerging directions, the application of microarray and NGS technologies,
for the identification of potential biomarkers of adverse outcomes in MDS patients. We targeted
both protein-coding and noncoding regions of the genome to detect pathogenic variants
in recurrently mutated genes and deregulated expressions of IncRNAs.

In Publication I, we examined CD34+ BM cells of 54 MDS patients, 14 patients with AML with
myelodysplasia-related changes (AML-MRC), and 9 healthy controls as a discovery cohort
for microarray profiling, and 79 MDS, 14 AML-MRC, and 13 healthy controls as a testing cohort
for RT-qPCR experiments. Differentially expressed IncRNAs and protein-coding genes (PCGs)
were analyzed in relation to MDS, its subtypes and risk categories, and gene mutations. Functional
changes were assessed by performing Gene Set Enrichment Analysis (GSEA). LncRNA-PCG
coexpression network analysis was performed, and the extracted modules were functionally
annotated to Gene Ontology (GO) terms. LncRNAs whose expression correlated with
the expression of the core PCGs were suggested to be related to deregulated processes associated
with these PCGs. Thus, we were able to recognize the potential association of IncRNAs and
several deregulated pathways.

The main goal of this work was to determine IncRNAs associated with worse outcomes. First,
we compared the transcriptomic data of 31 patients with short overall survival (OS < 18 months)
and 25 patients with long survival. Eight IncRNAs and 29 PCGs were significantly deregulated
(logFC| > 1, FDR < 0.05) in patients with short survival. Two well-known tumorigenic IncRNAs,
HI19 and WTI-AS, were significantly upregulated in patients with short survival. Secondly,
we compared LR (very low, low) (n = 26) with HR (high, very high) (n = 19) patients;
16 IncRNAs and 82 PCGs with differential expression were detected in HR. Among them, TCL6,
a IncRNA with a known oncogenic association, and LEFI-AS, which is associated with
hematopoiesis, were downregulated. Between LR and HR patients, gene silencing, immune
response, cell differentiation and proliferation, motility, and angiogenesis pathways showed
differential expression. Results of the coexpression network suggested that the maintenance and
differentiation processes of HSCs are attenuated in HR.

For prognostic purposes, we chose four candidate IncRNAs, H19, WT1-AS, TCL6, and LEF-AS1,
as possible prognostic biomarkers. The expression of these four IncRNAs gradually increased

(H19, WT1-ASI) or decreased (LEFI1-AS, TCL6) from healthy controls to higher-risk patients.
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The expression levels of these IncRNAs were significant for OS and progression-free survival
(PFS). Especially expression level of H/9 showed strong prognostic potential for the MDS cohort
as well as lower-intermediate patients (IPSS-R < 4.5) in multivariate analysis.

Moreover, the number of deregulated IncRNAs and PCGs (106 IncRNAs and 646 PCGs) was
exceptionally high in RUNXI-mutated samples. We observed deregulation of signaling pathways,
immune response, and cell death pathways compared with MDS patients without RUNX]
mutations. Furthermore, RUNXI/-mutated samples showed deregulation of LEFI, RAGI, LEFI-
AS1, and TCL6.

In Publication II, we focused on LR-MDS patients who generally have a good prognosis. This
very group needs enhancing of the risk stratification to identify the patients at risk of rapid
progression. We examined the mutational profile of genes associated with hematologic
malignancies at diagnosis and tested their prognostic value. Furthermore, we analyzed
the transcriptome of MDS patients bearing somatic mutations associated with unfavorable
prognosis to define molecular mechanisms that contribute to the rapid progression.

We applied NGS targeted sequencing using the TruSight Myeloid Sequencing Panel (Illumina),
focusing on genes frequently mutated in hematological malignancies. The cohort consisted of 214
LR-MDS patients, according to the IPSS. We sequenced DNA from bone marrow or peripheral
blood diagnostic samples.

At least one mutation was detected in 64% of patients. Mutations in DNMT34, RUNXI, SETBPI,
STAG2, and TP53 were significant for OS, while mutations in RUNXI, SETBPI1, STAG2, TP53,
and U2AF1 were significant for PFS. The effect of mutational data on the survival prediction was
also confirmed by machine learning using two independent methods: stepwise backward feature
selection and elastic network models. Both methods identified SETBPI, TP53, and RUNXI
as the genes most responsible for shorter PFS when mutated. In the multivariate analysis for PFS,
platelet count, age, and mutated RUNXI were the most significant independent prognostic factors.
The effect of RUNXI mutations on shortened PFS indicated its potential significance as a marker
of rapid progression.

RUNXI was also the most commonly mutated gene in patients who progressed within 5 years (n =
41) compared to those who did not progress and were followed for at least 5 years (n = 53).
Furthermore, the implementation of the RUNXI/ mutational status significantly improved
the prognostic discrimination by [PSS-R.

Following these results, we further studied the impact of RUNXI mutations on the regulation
of cellular pathways. We compared the transcriptomes of CD34+ cells from 8§ RUNXI-mutated
LR-MDS patients (mutR-LR) and 29 LR-MDS patients without RUNX! mutations (wtR-LR).
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A total of 2235 genes were significantly (FDR <0.05) upregulated and 2094 were significantly
downregulated in mutR-LR according tothe differential expression analysis. According
to biological databases, GO BP and KEGG, the pathways of chromatin and gene silencing,
nucleosome assembly, chromatin organization, regulation of megakaryocyte differentiation,
myeloid cell differentiation, and hemopoiesis, telomere organization and capping, cellular
metabolic processes, DDR, cellular response to stress, cellular senescence, aging, chronic
inflammation, and oxidative stress were downregulated in mutR-LR. These pathways play a
crucial role in cellular tumor protection. Pathways upregulated in mutR-LR were related to cancer
and leukemia.

When comparing the expression profiles of LR-MDS to HR-MDS (n = 20), we observed a greater
resemblance of mutR-LR with HR-MDS than with wtR-LR at diagnosis.

Finally, we aimed to validate the suppression of DDR and cellular senescence at the protein level
by immunohistochemical staining of YH2AX protein (a marker of DNA damage and repair)
on BM formalin-fixed paraffin-embedded sections and fluorescence detection of senescence-
associated P-galactosidase (SA-B-gal) activity (a marker of senescent cells) in BM sorted cells.
We observed a higher level of YH2AX in wtR-LR (n = 4) than in mutR-LR (n = 3). Moreover,
we detected significantly higher SA-B-gal activity in CD14+ monocytes of wtR-LR (n = 6)
compared to those of HR-MDS (n = 6). Although mutR-LR samples were not available for this
assay, based on the highly similar expression profiles of senescence-associated pathways in mutR-

LR and HR-MDS, we anticipated similar results in mutR-LR.

5. Discussion

MDS are a group of highly heterogeneous diseases, and the molecular mechanisms underlying
the disease pathogenesis are now in the center of interest. Using high-throughput technologies
such as microarray assays and next-generation sequencing, we aimed to identify the molecular
markers predictive of disease development at the level of IncRNA expression and recurrently
mutated genes and to interpret their effect on disease biology through differential expression
profiling. Throughout these studies, we engaged emerging computational techniques to support
the power of our results, to prioritize candidate genes, and to link specific IncRNAs to MDS-
specific pathways.

ncRNAs play various roles in hematologic malignancies (Bhat et al., 2020; Ghafouri-Fard et al.,
2020). They have regulatory functions in hematopoiesis, immune response, and apoptosis. They
have tumor-suppressor or oncogenic potential, can serve as prognostic markers of disease

evolution, and contribute to disease variability. However, only a small portion of all ncRNAs that
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contribute to hematologic malignancies have been discovered. Because deregulated expression
of miRNAs has been comprehensively described in MDS, we focused on IncRNAs in this study.
To our knowledge, only a few studies have targeted BM IncRNAs in MDS. One of them studied
IncRNAs in MDS to connect them with the outcome (Yao et al., 2017). This study showed that
4 IncRNAs together may have a prognostic effect, but it did not link IncRNAs to their biological
functions. Another study presented the network-based IncRNA comodule function annotation
method, which we also used in this publication (Liu et al., 2017). They identified several
differentially expressed IncRNAs in MDS; however, they did not evaluate IncRNA expression
in relation to patient outcomes, disease subtypes, or genetic abnormalities. Differentially
expressed IncRNAs and PCGs between MDS patients and healthy controls have also been
analyzed in one recent study (Wen et al., 2020).

Although many IncRNAs have been identified recently, their function still needs to be clarified.
That is why we constructed coexpression networks and connected IncRNAs to MDS-associated
cellular processes. For example, EPB41L4A4-ASI has been reported to function as a repressor
of the Warburg effect in cancer cells and a cell cycle regulator (Liao et al., 2019; Samdal et al.,
2021). In our MDS patients, we associated the downregulation of EPB41L44-AS1 with ribosome
formation and translational regulation.

Herein, we identified four IncRNAs, H19, WTI-AS, TCL6, and LEFI-ASI, with a significant
effect on outcomes. One of these four IncRNAs, H179, was the most promising prognostic marker.
We demonstrated that an increased level of H/9 has strong prognostic value comparable
to an increased blast count and the presence of 7P53 mutation, and it remained informative also
in LR-MDS when the other variables did not. We associated the upregulation of H/9 with rapid
progression, short OS, and altered cell adhesion and differentiation processes in CD34+ BM cells.
The aberrant expression of H/9 is associated with tumors; however, it has not yet been described
in MDS. According to a review from 2015, H19 is actively involved in all stages of tumorigenesis
and is expressed in almost every human cancer (Raveh et al., 2015). It is involved in proliferation
and differentiation. In a review from 2020, the expression of H/9 was connected with
inflammation and was recognized as an age-related factor (B. Wang et al., 2020). H/9 seems to be
a promising therapeutic target in various cancers (Raveh et al., 2015; J. Wang et al., 2020).
In AML, HI19 overexpression is linked to leukemogenesis and an unfavorable prognosis through
its proliferative and antiapoptotic effects (Zhang et al., 2018).

HI19 is only expressed maternally. Its counterpart is /GF2, which is expressed only from
the paternal allele, and these two genes share one imprinting control region (Thorvaldsen et al.,

1998). HI19 also functions as a primary template for miR-675, which plays an important role
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in tumorigenesis and the development of various cancers (He et al., 2015; Vennin et al., 2015).
We identified transcriptional coregulation of H/9/IGF2/miR-675 in healthy donors and LR-MDS,
but disruption of this axis in HR-MDS. Deregulated expression of the HI/9/IGF2 locus
is presumably due to abnormal methylation of the locus that results in imprinting disruption,
as described in other cancers (Kanduri et al., 2002; Park et al., 2017)

Downregulation of 7CL6 has been associated with a poor prognosis in patients with various
cancers (Kulkarni et al., 2021; Luo et al., 2020; Yaqiong Zhang et al., 2020). It has been reported
that TCL6 behaves as a tumor suppressor and, through cooperation with miRNAs, regulates key
signaling pathways in hepatocellular carcinoma and renal cell carcinoma (Kulkarni et al., 2021;
Luo et al., 2020).

WTI-AS and LEFI1-ASI are antisense transcripts of two PCGs, WTI and LEFI, which are
associated with the prognosis of MDS patients (Pellagatti et al., 2013). WTI-AS participates
in the regulation of tumor cell proliferation, the cell cycle, and apoptosis and is also involved
in tumor invasion and metastasis (Ye Zhang et al., 2020). WT1I plays a role in cell differentiation
and apoptosis, and WTI transcript monitoring is used to estimate minimal residual disease and
predict outcomes in AML and MDS (Galimberti et al., 2010; Inoue et al., 1994; Nagasaki et al.,
2017). LEFI1-ASI probably has a tumor-suppressive function — it inhibits proliferation and
activates other tumor suppressors; thus, its level is decreased in myeloid malignancies (Congrains-
Castillo et al., 2019). On the other hand, LEF1-ASI promotes the metastasis of prostate cancer
by promoting proliferation, migration, and invasion (Li et al., 2020). LEFI participates
in the proliferation and apoptosis of CD34+ progenitors and hematopoiesis (Skokowa et al., 2006).
Its downregulation is related to a worse prognosis and progression of MDS (Pellagatti et al.,
2009). We found that LEFI-ASI was transcriptionally coregulated with LEFI; however,
Congrains-Castillo et al. (2019) suggested that LEF1-ASI affects cell proliferation in a LEFI-
independent manner.

Furthermore, our data functionally linked WTI-AS to HI19 and LEFI1-ASI to TCL6. The WTI-
AS/H19 pair was associated with cell adhesion and differentiation, while the LEF1-AS1/TCL6 pair
participated in chromatin modification, cytokine response, and cell proliferation and death.
Numerous somatic mutations are found in MDS patients, and they play an important role
in the pathogenesis of MDS. Therefore, we combined expression profiling data with
the information on the mutational status of the five most often mutated genes in our cohort
(SF3B1, TP53, TET2, DNMT3A, and RUNXI). We found only a small number of affected
transcripts in samples with mutated one from the first four genes. One could expect a more

significant impact of mutations in genes encoding spliceosomal factor, tumor suppressor,
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or epigenetic factor; genes with a wide range of targets. However, it is possible that a single
nucleotide change might not be strong enough to induce a larger expression change. However,
RUNXI mutations caused high transcriptional impact, similar to the effect of cytogenetic
aberrations. Mutations in RUNXI are related to worse outcomes in MDS (Chen et al., 2007; He et
al., 2020). We connected the deregulation of the hematopoiesis and oncology-related RAG1, LEF1
PCGs and GASS5, LEF1-AS1, and TCL6 IncRNAs with RUNXI mutations.

In the second study, our objective was to describe the mutational profile of lower-risk MDS
patients and to identify markers of rapid progression. Identifying LR-MDS patients at a higher risk
of rapid progression is necessary to ensure proper treatment. Many studies have described
mutational profiles of MDS; however, very few have exclusively targeted LR-MDS patients.
When analyzing this subgroup, slight but important differences can be distinguished. The study
of Bejar et al. (2012) targeted LR-MDS patients to enhance the prognostic system with molecular
data. However, few genes were sequenced, and the prognosis was based only on OS, not PFS.
After publishing our manuscript, the IPSS-molecular was established and mutated genes
associated with worse outcome have been proposed promising more accurate risk stratification
(Bernard et al., 2022). However, in this context, our study provides new insights into
the molecular pathogenesis of MDS in LR patients not only by molecular profiling supported
by machine learning but also by studying the molecular changes in patients at risk of rapid
progression.

At least one pathogenic mutation was detected in 64% of LR-MDS patients. One of the most
frequently mutated genes was SF3B1, which corresponds to other studies (Haferlach et al., 2014;
Malcovati et al., 2011; Papaemmanuil et al., 2013). In univariate analyses, mutated DNMT3A4,
RUNXI, SETBPI, STAG2, and TP53 genes were significant for OS and mutated RUNXI, SETBPI,
STAG2, TP53, and U2AF1 genes were significant for PFS. Also, a higher number of mutations
decreased OS and PFS.

We supported our results by using a machine learning approach. It is an emerging methodology,
and several studies show its potential for risk stratification in various disorders, including MDS
(Nagata et al., 2020; Nazha et al., 2017; Radakovich et al., 2021). Despite this, no algorithm has
been included in MDS clinical practice to stratify patients or predict the disease course. Herein,
mutated RUNXI, TP53, and SETBPI genes were significant predictors of rapid progression
according to machine learning. The mutated gene RUNX1 was the strongest factor.

However, neither IPSS nor IPSS-R showed a distribution with significant differences in our

cohort, and incorporation of the mutational status of genes affecting OS or PFS significantly
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improved risk stratification. Even incorporating only RUNXI mutational status significantly
improved patient stratification.

In multivariate analysis, age, platelet count, mutated 7P53 and DNMT3A were significant for OS,
and age, platelets, and mutated RUNXI were significant for PFS. Platelet count and mutated 7P53
have been previously reported as one of the strongest independent prognostic factors for OS
in LR-MDS (Belickova et al., 2016). RUNXI mutations related to unfavorable outcomes were
described in a 16-study meta-analysis of MDS patients without risk stratification (He et al., 2020).
All our analyses showed that RUNXI is the strongest independent molecular prognostic factor
for rapid progression. Therefore, we decided to analyze the impact of RUNXI mutations
on transcriptional regulation. As we showed in Publication I, mutated RUNXI has a great impact
on the transcriptome inthe unstratified MDS cohort. In the cohort of LR-MDS patients,
we observed an even greater number of deregulated genes.

In patients with rapid progression, we observed downregulation of pathways of chromatin
and gene silencing, regulation of megakaryocyte differentiation and myeloid cell differentiation
and hemopoiesis, telomere organization and capping, cellular metabolic processes, the DDR,
cellular response to stress, cellular senescence, apoptosis, aging, chronic inflammation, and
hypoxia. On the other hand, pathways of leukemia and cancer were upregulated.

All the downregulated pathways mentioned above play a role in cellular tumor protection. These
data suggest that wild-type RUNXI (wtRUNXT), a master regulator of hematopoiesis, is a tumor
suppressor in LR-MDS and plays a role in eliminating a biological anticancer barrier against
accelerated progression in LR-MDS patients. According to the literature, wtRUNX] is necessary
for the p53 response to DNA damage (Wu et al., 2013); its knockdown may cause escape from
senescence and enhance apoptosis suppression (Motoda et al., 2007). In AML, the tumor-
suppressor function of RUNXI has been indicated due to analysis of homozygous mutations
on RUNXI function (Silva et al., 2003). However, the dual role of RUNXI in myeloid
leukemogenesis has been suggested (Goyama et al.,, 2013). It is possible that wtRUNXI
is necessary for maintaining the cancer barrier, but the decreased level is needed for tumor growth.
The oncogenic role of RUNXI was also suggested in T-cell acute lymphoblastic leukemia (Choi et
al., 2017).

According to our data, wtR-LR CD34+ cells activate the DDR and attain hallmarks of senescence.
Senescence has been described to be part of the tumorigenesis barrier in premalignant lesions
(Bartkova et al., 2006, 2005; Campisi, 2001). One of the features of senescent cells
is a senescence-associated secretory phenotype (SASP); senescent cells produce a variety

of molecules that promote the inflammatory microenvironment and induce senescence
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in the vicinity. We showed that transcriptional profiles of SASP genes were increased in wtR-LR
CD34+ cells. Thus, we detected senescence-associated [-galactosidase activity, one
of the commonly used markers of cellular senescence, in BM sorted cell types and observed
significantly higher senescence-associated [-galactosidase activity, particularly in CD14+
monocytes of wtR-LR.

Cellular senescence is closely associated with DNA damage. Excessive permanent DNA damage
induces senescence in affected cells (Zglinicki et al., 2005), and the DDR probably plays a role
in SASP production (Rodier et al., 2009). Based on our data, we hypothesize that while some wtR-
LR BM progenitors activate the DDR and increase the DNA repair capacity consistent with
proliferation, some wtR-LR BM cells suffer more from DNA damage and undergo senescence.
DDR activation plays an essential role in cellular protection against the progression
of preleukemia to leukemia (Takacova et al., 2012). We used the protein expression of one DDR
marker, YH2AX, to observe where the DDR is activated. We observed higher staining of the
marker in RUNX/-unmutated samples than in RUNXI-mutated samples. This shows that RUNX]
is functionally linked to the DDR in LR-MDS and its mutations are associated with elimination
of the DDR-mediated senescence barrier and accelerate disease progression.

Surprisingly, when supplementing our cohort with HR-MDS cases and healthy controls,
we observed high transcriptional similarity of RUNX/-mutated LR-MDS cells and HR-MDS cells
already at diagnosis, suggesting a possible efficacy of using a similar approach in clinical practice.
The early and advanced stages of MDS have been previously reported to be transcriptionally
different; early MDS show overexpression of genes involved in the cell cycle and DDR compared
with advanced MDS (Pellagatti et al., 2010; Valka et al., 2017; Vasikova et al., 2010).

In both studies, we demonstrated the enormous impact of RUNXI/ mutations on MDS patient
outcomes and the regulation of gene expression. We showed that pathways of immune response,
cell death, and signaling pathways, especially the MAPK signaling pathway, translational
regulation, RNA splicing, DNA repair, and p53 pathway, are critical, and their deregulation
in RUNXI-mutated samples is associated with a higher risk of progression in LR-MDS as well
as in the unstratified MDS cohort. We thus deduce that RUNXI/ mutations disrupt the fail-safe
mechanism in hematopoietic stem cells and contribute to rapid progression.

Based on our data, we indicate that LR-MDS patients with a RUNX/ mutation at diagnosis should
be intensively monitored despite being in the lower-risk group. Fortunately, the new IPSS-M
includes information on RUNXI mutational status; thus, RUNXI/-mutated patients should be

stratified into higher risk categories than in previous scoring systems.
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To conclude, our findings provide novel information on particular IncRNAs and mutated genes
contributing to MDS progression and propose cellular pathways involved in progression. It is
worth emphasizing that the level of the H/9 transcript and mutated RUNXI gene may serve
as robust independent prognostic markers comparable to clinical variables currently used
for prognostication in MDS. Overall, we showed that molecular data could be used to identify
patients at risk of rapid progression, and these findings could help to choose proper follow-up and

treatment strategies.

6. Summary

This study identified IncRNAs and mutated genes associated with worse outcome and rapid
progression in MDS patients. This finding enlightened new functions of these markers in MDS
pathogenesis and progression. This knowledge may contribute to the accurate prognosis necessary
for treatment decision-making. Additionally, the deepening of knowledge of MDS pathogenesis
may point to promising therapeutic targets.

The aims were met, and the results are as follows:

We found novel biomarkers of adverse outcomes in MDS. At RNA level, we identified
4 IncRNAs, H19, WT1-AS, LEF1-AS1, and TCL6, associated with worse outcome. In particular,
the level of H7/9 was an independent prognostic factor for shorter OS and PFS. At DNA level, we
identified genes associated with rapid progression in LR-MDS. Mutated RUNXI, SETBPI,
STAG2, TP53, and U2AF1 were significant for PFS by univariate analysis, and SETBPI, TP53,
and RUNXI were significant for PFS by machine learning. The strongest independent prognostic
factor was mutated RUNXI. We showed that molecular data improve the risk stratification and
identify patients at risk of rapid progression.

We linked deregulated IncRNAs to cellular pathways with a IncRNA-PCG coexpression network
and predicted their role in disease development. WTI-AS and HI9 are associated with cell
adhesion and differentiation processes, and LEFI-AS! and TCL6 are related to chromatin
modification, cytokine response, and cell proliferation and death. Moreover, we reported disrupted
transcriptional regulation in the H/9/IGF2 region in higher-risk MDS, suggesting the importance
of this locus for disease development.

At the transcriptome level, we showed that RUNXT has a tumor-suppressive function in LR-MDS.
In LR-MDS CD34+ cells, pathways of antitumor cellular defense are upregulated. However,
mutations in the RUNXI gene probably disrupt this DDR-mediated senescence barrier and
contribute to disease progression. LR-MDS patients with RUNX] mutations are thus at risk

of rapid progression. Notably, the expression profiles of these patients were more similar to those
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of HR-MDS than to those of other LR-MDS already at diagnosis. Based on our data, we suppose
that rapid progression may be associated with the loss of cellular tumor barrier pathways
in hematopoietic stem cells.

In both studies, we showed that pathways of immune response, cell death, signaling pathways,
especially MAPK signaling pathway, translational regulation, RNA splicing, DNA repair, and p53

pathway are critical and their deregulation play a role in rapid progression of MDS patients.

References

Acosta, J.C., O’Loghlen, A., Banito, A., Guijarro, M. V., Augert, A., Raguz, S., Fumagalli, M., Da Costa, M., Brown,
C., Popov, N., Takatsu, Y., Melamed, J., d’Adda di Fagagna, F., Bernard, D., Hernando, E., Gil, J., 2008.
Chemokine Signaling via the CXCR2 Receptor Reinforces Senescence. Cell 133, 1006-1018.
https://doi.org/10.1016/J.CELL.2008.03.038

Baker, D.J., Wijshake, T., Tchkonia, T., Lebrasseur, N.K., Childs, B.G., Van De Sluis, B., Kirkland, J.L., Van
Deursen, J.M., 2011. Clearance of p16 Ink4a-positive senescent cells delays ageing-associated disorders. Nature
479, 232-236. https://doi.org/10.1038/nature10600

Bartkova, J., Hofejsi, Z., Koed, K., Kramer, A., Tort, F., Zleger, K., Guldberg, P., Sehested, M., Nesland, J.M., Lukas,
C., Orntoft, T., Lukas, J., Bartek, J., 2005. DNA damage response as a candidate anti-cancer barrier in early
human tumorigenesis. Nature 434, 864—870. https://doi.org/10.1038/NATURE03482

Bartkova, J., Rezaei, N., Liontos, M., Karakaidos, P., Kletsas, D., Issaeva, N., Vassiliou, L.-V.F., Kolettas, E.,
Niforou, K., Zoumpourlis, V.C., Takaoka, M., Nakagawa, H., Tort, F., Fugger, K., Johansson, F., Sehested, M.,
Andersen, C.L., Dyrskjot, L., @rntoft, T., Lukas, J., Kittas, C., Helleday, T., Halazonetis, T.D., Bartek, J.,
Gorgoulis, V.G., 2006. Oncogene-induced senescence is part of the tumorigenesis barrier imposed by DNA
damage checkpoints. Nature 444, 633—637. https://doi.org/10.1038/nature05268

Bejar, R., Stevenson, K.E., Caughey, B.A., Abdel-Wahab, O., Steensma, D.P., Galili, N., Raza, A., Kantarjian, H.,
Levine, R.L., Neuberg, D., Garcia-Manero, G., Ebert, B.L., 2012. Validation of a prognostic model and the
impact of mutations in patients with lower-risk myelodysplastic syndromes. J. Clin. Oncol. 30, 3376-3382.
https://doi.org/10.1200/JC0O.2011.40.7379

Belickova, M., Vesela, J., Jonasova, A., Pejsova, B., Votavova, H., Merkerova, M.D., Zemanova, Z., Brezinova, J.,
Mikulenkova, D., Lauermannova, M., Valka, J., Michalova, K., Neuwirtova, R., Cermak, J., Belickova, M.,
Vesela, J., Jonasova, A., Pejsova, B., Votavova, H., Merkerova, M.D., Zemanova, Z., Brezinova, J.,
Mikulenkova, D., Lauermannova, M., Valka, J., Michalova, K., Neuwirtova, R., Cermak, J., 2016. TP53
mutation variant allele frequency is a potential predictor for clinical outcome of patients with lower-risk
myelodysplastic syndromes. Oncotarget 7, 36266—36279. https://doi.org/10.18632/ONCOTARGET.9200

Bernard, E., Tuechler, H., Greenberg, P.L., Hasserjian, R.P., Arango Ossa, J.E., Nannya, Y., Devlin, S.M., Creignou,
M., Pinel, P., Monnier, L., Gundem, G., Medina-Martinez, J.S., Domenico, D., Jadersten, M., Germing, U.,
Sanz, G., van de Loosdrecht, A.A., Kosmider, O., Follo, M.Y., Thol, F., Zamora, L., Pinheiro, R.F., Pellagatti,
A., Elias, H.K., Haase, D., Ganster, C., Ades, L., Tobiasson, M., Palomo, L., Della Porta, M.G., Takaori-Kondo,
A., Ishikawa, T., Chiba, S., Kasahara, S., Miyazaki, Y., Viale, A., Huberman, K., Fenaux, P., Belickova, M.,
Savona, M.R., Klimek, V.M., Santos, F.P.S., Boultwood, J., Kotsianidis, 1., Santini, V., Solé, F., Platzbecker,
U., Heuser, M., Valent, P., Ohyashiki, K., Finelli, C., Voso, M.T., Shih, L.-Y., Fontenay, M., Jansen, J.H.,
Cervera, J., Gattermann, N., Ebert, B.L., Bejar, R., Malcovati, L., Cazzola, M., Ogawa, S., Hellstrom-Lindberg,
E., Papaemmanuil, E., 2022. Molecular International Prognostic Scoring System for Myelodysplastic
Syndromes. NEJM Evid. 1. https://doi.org/10.1056/evidoa2200008

Bersanelli, M., Travaglino, E., Meggendorfer, M., Matteuzzi, T., Sala, C., Mosca, E., Chiereghin, C., Di Nanni, N.,
Gnocchi, M., Zampini, M., Rossi, M., Maggioni, G., Termanini, A., Angelucci, E., Bernardi, M., Borin, L.,
Bruno, B., Bonifazi, F., Santini, V., Bacigalupo, A., Teresa Voso, M., Oliva, E., Riva, M., Ubezio, M.,
Morabito, L., Campagna, A., Saitta, C., Savevski, V., Giampieri, E., Remondini, D., Passamonti, F., Ciceri, F.,
Bolli, N., Rambaldi, A., Kern, W., Kordasti, S., Sole, F., Palomo, L., Sanz, G., Santoro, A., Platzbecker, U.,
Fenaux, P., Milanesi, L., Haferlach, T., Castellani, G., Della Porta, M.G., 2021. Classification and Personalized
Prognostic Assessment on the Basis of Clinical and Genomic Features in Myelodysplastic Syndromes. J. Clin.

17



Oncol. 39, 1223-1233. https://doi.org/10.1200/JC0O.20.01659

Bhat, A.A., Younes, S.N., Raza, S.S., Zarif, L., Nisar, S., Ahmed, I., Mir, R., Kumar, S., Sharawat, S.K., Hashem, S.,
Elfaki, 1., Kulinski, M., Kuttikrishnan, S., Prabhu, K.S., Khan, A.Q., Yadav, S.K., El-Rifai, W., Zargar, M.A.,
Zayed, H., Haris, M., Uddin, S., 2020. Role of non-coding RNA networks in leukemia progression, metastasis
and drug resistance. Mol. Cancer 19, 1-21. https://doi.org/10.1186/S12943-020-01175-9/FIGURES/4

Boehrer, S., Adés, L., Tajeddine, N., Hofmann, W.K., Kriener, S., Bug, G., Ottmann, O.G., Ruthardt, M., Galluzzi, L.,
Fouassier, C., Tailler, M., Olaussen, K.A., Gardin, C., Eclache, V., De Botton, S., Thepot, S., Fenaux, P.,
Kroemer, G., 2009. Suppression of the DNA damage response in acute myeloid leukemia versus
myelodysplastic syndrome. Oncogene 28, 2205-2218. https://doi.org/10.1038/onc.2009.69

Braig, M., Lee, S., Loddenkemper, C., Rudolph, C., Peters, A.H.F.M., Schlegelberger, B., Stein, H., Dérken, B.,
Jenuwein, T., Schmitt, C.A., 2005. Oncogene-induced senescence as an initial barrier in lymphoma
development. Nature 436, 660—665. https://doi.org/10.1038/nature03841

Branford, S., Wang, P., Yeung, D.T., Thomson, D., Purins, A., Wadham, C., Shahrin, N.H., Marum, J.E., Nataren, N.,
Parker, W.T., Geoghegan, J., Feng, J., Shanmuganathan, N., Mueller, M.C., Dietz, C., Stangl, D., Donaldson,
Z., Altamura, H., Georgievski, J., Braley, J., Brown, A., Hahn, C., Walker, 1., Kim, S.H., Choi, S.Y., Park, S.H.,
Kim, D.W., White, D.L., Yong, A.S.M., Ross, D.M., Scott, H.S., Schreiber, A.W., Hughes, T.P., 2018.
Integrative genomic analysis reveals cancer-associated mutations at diagnosis of CML in patients with high-risk
disease. Blood 132, 948-961. https://doi.org/10.1182/blood-2018-02-832253

Campisi, J., 2001. Cellular senescence as a tumor-suppressor mechanism. Trends Cell Biol. 11, 27-31.

Chen, C.Y., Lin, L.I,, Tang, J.L., Ko, B.S., Tsay, W., Chou, W.C., Yao, M., Wu, S.J., Tseng, M.H., Tien, H.F., 2007.
RUNXI1 gene mutation in primary myelodysplastic syndrome - The mutation can be detected early at diagnosis
or acquired during disease progression and is associated with poor outcome. Br. J. Haematol. 139, 405—414.
https://doi.org/10.1111/.1365-2141.2007.06811.x

Chen, Z., Trotman, L.C., Shaffer, D., Lin, H.K., Dotan, Z.A., Niki, M., Koutcher, J.A., Scher, H.I., Ludwig, T.,
Gerald, W., Cordon-Cardo, C., Pandolfi, P.P., 2005. Crucial role of p53-dependent cellular senescence in
suppression of Pten-deficient tumorigenesis. Nature 436, 725—730. https://doi.org/10.1038/nature03918

Choi, Ah., Illendula, A., Pulikkan, J.A., Roderick, J.E., Tesell, J., Yu, J., Hermance, N., Zhu, L.J., Castilla, L.H.,
Bushweller, J.H., Kelliher, M.A., 2017. RUNX1 is required for oncogenic Myb and Myc enhancer activity in T-
cell acute lymphoblastic leukemia. Blood 130, 1722—1733. https://doi.org/10.1182/blood-2017-03-775536

Congrains-Castillo, A., Niemann, F.S., Santos Duarte, A.S., Olalla-Saad, S.T., 2019. LEF1-AS1, long non-coding
RNA, inhibits proliferation in myeloid malignancy. J. Cell. Mol. Med. 23, 3021-3025.
https://doi.org/10.1111/jcmm.14152

Coppé¢, J.P., Patil, C.K., Rodier, F., Sun, Y., Muifioz, D.P., Goldstein, J., Nelson, P.S., Desprez, P.Y., Campisi, J.,
2008. Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and
the p53 tumor suppressor. PLoS Biol. 6. https://doi.org/10.1371/journal.pbio.0060301

Da Silva-Coelho, P., Kroeze, L.1., Yoshida, K., Koorenhof-Scheele, T.N., Knops, R., Van De Locht, L.T., De Graaf,
A.O., Massop, M., Sandmann, S., Dugas, M., Stevens-Kroef, M.J., Cermak, J., Shiraishi, Y., Chiba, K., Tanaka,
H., Miyano, S., De Witte, T., Blijlevens, N.M.A., Muus, P., Huls, G., Van Der Reijden, B.A., Ogawa, S.,
Jansen, J.H., 2017. Clonal evolution in myelodysplastic syndromes. Nat. Commun. 8, 1-11.
https://doi.org/10.1038/ncomms15099

Feringa, F.M., Raaijmakers, J.A., Hadders, M.A., Vaarting, C., Macurek, L., Heitink, L., Krenning, L., Medema,
R.H., 2018. Persistent repair intermediates induce senescence. Nat. Commun. 9, 1-10.
https://doi.org/10.1038/s41467-018-06308-9

Galimberti, S., Ghio, F., Guerrini, F., Ciabatti, E., Grassi, S., Ferreri, M.L., Petrini, M., 2010. WT1 expression levels at
diagnosis could predict long-term time-to-progression in adult patients affected by acute myeloid leukaemia and
myelodysplastic syndromes. Br. J. Haematol. 149, 451—454. https://doi.org/10.1111/J.1365-2141.2009.08063.X

Georgilis, A., Klotz, S., Hanley, C.J., Herranz, N., Weirich, B., Morancho, B., Leote, A.C., D’Artista, L., Gallage, S.,
Seehawer, M., Carroll, T., Dharmalingam, G., Wee, K.B., Mellone, M., Pombo, J., Heide, D., Guccione, E.,
Arribas, J., Barbosa-Morais, N.L., Heikenwalder, M., Thomas, G.J., Zender, L., Gil, J., 2018. PTBP1-Mediated
Alternative Splicing Regulates the Inflammatory Secretome and the Pro-tumorigenic Effects of Senescent Cells.
Cancer Cell 34, 85-102.€9. https://doi.org/10.1016/J.CCELL.2018.06.007

Ghafouri-Fard, S., Esmaeili, M., Taheri, M., 2020. Expression of non-coding RNAs in hematological malignancies.
Eur. J. Pharmacol. 875, 172976. https://doi.org/10.1016/J. EJPHAR.2020.172976

18



Gorgoulis, V.G., Vassiliou, L.-V.F., Karakaidos, P., Zacharatos, P., Kotsinas, A., Liloglou, T., Venere, M., DiTullio,
R.A., Kastrinakis, N.G., Levy, B., Kletsas, D., Yoneta, A., Herlyn, M., Kittas, C., Halazonetis, T.D., 2005.
Activation of the DNA damage checkpoint and genomic instability in human precancerous lesions. Nature 434,
907-913.

Goyama, S., Schibler, J., Cunningham, L., Zhang, Y., Rao, Y., Nishimoto, N., Nakagawa, M., Olsson, A.,
Wunderlich, M., Link, K.A., Mizukawa, B., Grimes, H.L., Kurokawa, M., Liu, P.P., Huang, G., Mulloy, J.C.,
2013. Transcription factor RUNX1 promotes survival of acute myeloid leukemia cells. J. Clin. Invest. 123,
3876-3888. https://doi.org/10.1172/JC168557

Greenberg, P., Cox, C., LeBeau, M.M., Fenaux, P., Morel, P., Sanz, G., Sanz, M., Vallespi, T., Hamblin, T., Oscier,
D., Ohyashiki, K., Toyama, K., Aul, C., Mufti, G., Bennett, J., 1997. International scoring system for evaluating
prognosis in myelodysplastic syndromes. Blood 89, 2079-2088. https://doi.org/10.1182/blood.v89.6.2079

Greenberg, P.L., Tuechler, H., Schanz, J., Sanz, G., Garcia-Manero, G., Solé, F., Bennett, J.M., Bowen, D., Fenaux,
P., Dreyfus, F., Kantarjian, H., Kuendgen, A., Levis, A., Malcovati, L., Cazzola, M., Cermak, J., Fonatsch, C.,
Le Beau, M.M., Slovak, M.L., Krieger, O., Luebbert, M., Maciejewski, J., Magalhaes, S.M.M., Miyazaki, Y.,
Pfeilstocker, M., Sekeres, M., Sperr, W.R., Stauder, R., Tauro, S., Valent, P., Vallespi, T., Van De Loosdrecht,
A.A., Germing, U., Haase, D., 2012. Revised international prognostic scoring system for myelodysplastic
syndromes. Blood 120, 2454-2465. https://doi.org/10.1182/blood-2012-03-420489

Haferlach, T., Nagata, Y., Grossmann, V., Okuno, Y., Bacher, U., Nagae, G., Schnittger, S., Sanada, M., Kon, A.,
Alpermann, T., Yoshida, K., Roller, A., Nadarajah, N., Shiraishi, Y., Shiozawa, Y., Chiba, K., Tanaka, H.,
Koeffler, H.P., Klein, H.U., Dugas, M., Aburatani, H., Kohlmann, A., Miyano, S., Haferlach, C., Kern, W.,
Ogawa, S., 2014. Landscape of genetic lesions in 944 patients with myelodysplastic syndromes. Leukemia 28,
241-247. https://doi.org/10.1038/leu.2013.336

He, D., Wang, J., Zhang, C., Shan, B., Deng, X., Li, B., Zhou, Y., Chen, W., Hong, J., Gao, Y., Chen, Z., Duan, C.,
2015. Down-regulation of miR-675-5p contributes to tumor progression and development by targeting pro-
tumorigenic GPR5S5 in non-small cell lung cancer. Mol. Cancer 14, 1-14. https://doi.org/10.1186/s12943-015-
0342-0

He, W., Zhao, C., Hu, H., 2020. Prognostic effect of RUNX1 mutations in myelodysplastic syndromes: a meta-
analysis. Hematol. (United Kingdom) 25, 494-501. https://doi.org/10.1080/16078454.2020.1858598

Hernandez-Segura, A., Nehme, J., Demaria, M., 2018. Hallmarks of Cellular Senescence. Trends Cell Biol. 28, 436—
453. https://doi.org/10.1016/j.tcb.2018.02.001

Huang, H.H., Chen, F.Y., Chou, W.C., Hou, H.A., Ko, B.S., Lin, C.T., Tang, J.L., Li, C.C., Yao, M., Tsay, W., Hsu,
S.C., Wu, S.J., Chen, C.Y., Huang, S.Y., Tseng, M.H., Tien, H.F., Chen, R.H., 2019. Long non-coding RNA
HOXB-AS3 promotes myeloid cell proliferation and its higher expression is an adverse prognostic marker in
patients with acute myeloid leukemia and myelodysplastic syndrome. BMC Cancer 19, 1-14.
https://doi.org/10.1186/S12885-019-5822-Y/FIGURES/6

Hughes, J.M., Legnini, 1., Salvatori, B., Masciarelli, S., Marchioni, M., Fazi, F., Morlando, M., Bozzoni, L., Fatica, A.,
2015. C/EBPa-p30 protein induces expression of the oncogenic long non-coding RNA UCAL in acute myeloid
leukemia. Oncotarget 6, 18534—18544. https://doi.org/10.18632/ONCOTARGET.4069

Ichikawa, M., Yoshimi, A., Nakagawa, M., Nishimoto, N., Watanabe-Okochi, N., Kurokawa, M., 2013. A role for
RUNXI1 in hematopoiesis and myeloid leukemia. Int. J. Hematol. 97, 726—734. https://doi.org/10.1007/s12185-
013-1347-3

Inoue, K., Sugiyama, H., Ogawa, H., Nakagawa, M., Yamagami, T., Miwa, H., Kita, K., Hiraoka, A., Masaoka, T.,
Nasu, K., Kyo, T., Dohy, H., Nakauchi, H., Ishidate, T., Akiyama, T., Kishimoto, T., 1994. WT1 as a new
prognostic factor and a new marker for the detection of minimal residual disease in acute leukemia. Blood 84,
3071-3079. https://doi.org/10.1182/blood.v84.9.3071.3071

Jackson, S.P., Bartek, J., 2009. The DNA-damage response in human biology and disease. Nature 461, 1071.
https://doi.org/10.1038/NATURE08467

Jiang, L., Luo, Y., Zhu, S., Wang, L., Ma, L., Zhang, H., Shen, C., Yang, W., Ren, Y., Zhou, X., Mei, C., Ye, L., Xu,
W., Yang, H., Lu, C., Jin, J., Tong, H., 2020. Mutation status and burden can improve prognostic prediction of
patients with lower-risk myelodysplastic syndromes. Cancer Sci. 111, 580-591.
https://doi.org/10.1111/cas.14270

Jiang, Y., Dunbar, A., Gondek, L.P., Mohan, S., Rataul, M., O’Keefe, C., Sekeres, M., Saunthararajah, Y.,
Maciejewski, J.P., O ’keefe, C., Sekeres, M., Saunthararajah, Y., Maciejewski, J.P., 2009. Aberrant DNA
methylation is a dominant mechanism in MDS progression to AML. Blood 113, 1315-1325.

19



https://doi.org/10.1182/BLOOD-2008-06-163246

Kanduri, C., Kanduri, M., Liu, L., Thakur, N., Pfeifer, S., Ohlsson, R., 2002. The kinetics of deregulation of
expression by de novo methylation of the H19 imprinting control region in cancer cells. Cancer Res. 62, 4545—
4548.

Kim, T., Tyndel, M.S., Kim, H.J., Ahn, J.S., Choi, S.H., Park, H.J., Kim, Y.K., Yang, D.H., Lee, J.J., Jung, S.H., Kim,
S.Y., Min, Y.H., Cheong, J.W., Sohn, S.K., Moon, J.H., Choi, M., Lee, M., Zhang, Z., Kim, D.D.H., 2017. The
clonal origins of leukemic progression of myelodysplasia. Leuk. 2017 319 31, 1928-1935.
https://doi.org/10.1038/leu.2017.17

Kulkarni, P., Dasgupta, P., Hashimoto, Y., Shiina, M., Shahryari, V., Tabatabai, Z.L., Yamamura, S., Tanaka, Y.,
Saini, S., Dahiya, R., Majid, S., 2021. A IncRNA TCL6-miR-155 Interaction Regulates the Src-Akt-EMT
Network to Mediate Kidney Cancer Progression and Metastasis. Cancer Res. 81, 1500—1512.
https://doi.org/10.1158/0008-5472.CAN-20-0832

Li, W., Yang, G., Yang, D., Li, D., Sun, Q., 2020. LncRNA LEF1-AS1 promotes metastasis of prostatic carcinoma
via the Wnt/B-catenin pathway. Cancer Cell Int. 20. https://doi.org/10.1186/s12935-020-01624-x

Liao, M., Liao, W., Xu, N., Li, B., Liu, F., Zhang, S., Wang, Y., Wang, S., Zhu, Y., Chen, D., Xie, W., Jiang, Y., Cao,
L., Yang, B.B., Zhang, Y., 2019. LncRNA EPB41L4A-AS1 regulates glycolysis and glutaminolysis by
mediating nucleolar translocation of HDAC2. EBioMedicine 41, 200-213.
https://doi.org/10.1016/j.ebiom.2019.01.035

Liu, K., Beck, D., Thoms, J.A.L,, Liu, L., Zhao, W., Pimanda, J.E., Zhou, X., 2017. Annotating function to
differentially expressed LincRNAs in myelodysplastic syndrome using a network-based method. Bioinformatics
33, 2622. https://doi.org/10.1093/BIOINFORMATICS/BTX280

Liu, M., Wang, F., Zhang, Y., Chen, X., Cao, P., Nie, D., Fang, J., Wang, M., Liu, M., Liu, H., 2021. Gene mutation
spectrum of patients with myelodysplastic syndrome and progression to acute myeloid leukemia.
https://doi.org/10.2217/ijh-2021-0002 10. https://doi.org/10.2217/1JH-2021-0002

Luo, L.H,, Jin, M., Wang, L.Q., Xu, G.J,, Lin, Z.Y., Yu, D.D., Yang, S.L., Ran, R.Z., Wu, G., Zhang, T., 2020. Long
noncoding RNA TCL6 binds to miR-106a-5p to regulate hepatocellular carcinoma cells through PI3K/AKT
signaling pathway. J. Cell. Physiol. 235, 6154-6166. https://doi.org/10.1002/JCP.29544

Ma, X., Zhang, W., Zhao, M., Li, S., Jin, W., Wang, K., 2020. Oncogenic role of IncRNA CRNDE in acute
promyelocytic leukemia and NPM1-mutant acute myeloid leukemia. Cell Death Discov. 6, 1-13.
https://doi.org/10.1038/s41420-020-00359-y

Malcovati, L., Papaemmanuil, E., Bowen, D.T., Boultwood, J., Della Porta, M.G., Pascutto, C., Travaglino, E.,
Groves, M.J., Godfrey, A.L., Ambaglio, 1., Galli, A., Da Via, M.C., Conte, S., Tauro, S., Keenan, N., Hyslop,
A., Hinton, J., Mudie, L.J., Wainscoat, J.S., Futreal, P.A., Stratton, M.R., Campbell, P.J., Hellstrom-Lindberg,
E., Cazzola, M., 2011. Clinical significance of SF3B1 mutations in myelodysplastic syndromes and
myelodysplastic/myeloproliferative neoplasms. Blood 118, 6239-6246. https://doi.org/10.1182/blood-2011-09-
377275

Motoda, L., Osato, M., Yamashita, N., Jacob, B., Chen, L.Q., Yanagida, M., Ida, H., Wee, H.-J., Sun, A.X., Taniuchi,
L., Littman, D., Ito, Y., 2007. Runx1 Protects Hematopoietic Stem/Progenitor Cells from Oncogenic Insult .
Stem Cells 25, 2976-2986. https://doi.org/10.1634/STEMCELLS.2007-0061

Mufti, G.J., McLornan, D.P., van de Loosdrecht, A.A., Germing, U., Hasserjian, R.P., 2018. Diagnostic algorithm for
lower-risk myelodysplastic syndromes. Leukemia 32, 1679—1696. https://doi.org/10.1038/s41375-018-0173-2

Nagasaki, J., Aoyama, Y., Hino, M., Ido, K., Ichihara, H., Manabe, M., Ohta, T., Mugitani, A., 2017. Wilms Tumor 1
(WT1) mRNA Expression Level at Diagnosis Is a Significant Prognostic Marker in Elderly Patients with
Myelodysplastic Syndrome. Acta Haematol. 137, 32-39. https://doi.org/10.1159/000452732

Nagata, Y., Zhao, R., Awada, H., Kerr, C.M., Mirzaev, 1., Kongkiatkamon, S., Nazha, A., Makishima, H.,
Radivoyevitch, T., Scott, J.G., Sekeres, M.A., Hobbs, B.P., Maciejewski, J.P., 2020. Machine learning
demonstrates that somatic mutations imprint invariant morphologic features in myelodysplastic syndromes.
Blood 136, 2249-2262. https://doi.org/10.1182/BLOOD.2020005488

Nazha, A., Komrokji, R.S., Barnard, J., Al-Issa, K., Padron, E., Madanat, Y.F., Kuzmanovic, T., Abuhadra, N.,
Steensma, D.P., DeZern, A.E., Roboz, G.J., Garcia-Manero, G., List, A.F., Maciejewski, J.P., Sekeres, M.A.,
Meggendorfer, M., Jia, X., Radakovich, N., Shreve, J., Hilton, C.B., Nagata, Y., Hamilton, B.K., Mukherjee, S.,
Al Ali, N., Walter, W., Hutter, S., Padron, E., Sallman, D., Kuzmanovic, T., Kerr, C., Adema, V., Steensma,
D.P., DeZern, A.E., Roboz, G.J., Garcia-Manero, G., Erba, H., Haferlach, C., Maciejewski, J.P., Haferlach, T.,

20



Sekeres, M.A., 2017. A Personalized Prediction Model to Risk Stratify Patients with Myelodysplastic
Syndromes (MDS). Blood 130, 160—160. https://doi.org/10.1200/jc0.20.02810

Ng, M., Heckl, D., Klusmann, J.H., 2019. The Regulatory Roles of Long Noncoding RNAs in Acute Myeloid
Leukemia. Front. Oncol. https://doi.org/10.3389/fonc.2019.00570

Nolte, F., Hofmann, W.K., 2010. Molecular mechanisms involved in the progression of myelodysplastic syndrome.
Future Oncol. 6, 445-455. https://doi.org/10.2217/FON.09.175

O’Connor, M.J., 2015. Targeting the DNA Damage Response in Cancer. Mol. Cell 60, 547-560.
https://doi.org/10.1016/J.MOLCEL.2015.10.040

Ortiz-Montero, P., Londofio-Vallejo, A., Vernot, J.P., 2017. Senescence-associated IL-6 and IL-8 cytokines induce a
self- and cross-reinforced senescence/inflammatory milieu strengthening tumorigenic capabilities in the MCF-7
breast cancer cell line. Cell Commun. Signal. 15. https://doi.org/10.1186/s12964-017-0172-3

Papaemmanuil, E., Gerstung, M., Malcovati, L., Tauro, S., Gundem, G., Van Loo, P., Yoon, C.J., Ellis, P., Wedge,
D.C., Pellagatti, A., Shlien, A., Groves, M.J., Forbes, S.A., Raine, K., Hinton, J., Mudie, L.J., McLaren, S.,
Hardy, C., Latimer, C., Della Porta, M.G., O’Meara, S., Ambaglio, 1., Galli, A., Butler, A.P., Walldin, G.,
Teague, J.W., Quek, L., Sternberg, A., Gambacorti-Passerini, C., Cross, N.C.P., Green, A.R., Boultwood, J.,
Vyas, P., Hellstrom-Lindberg, E., Bowen, D., Cazzola, M., Stratton, M.R., Campbell, P.J., 2013. Clinical and
biological implications of driver mutations in myelodysplastic syndromes. Blood 122, 3616-3627.
https://doi.org/10.1182/blood-2013-08-518886

Park, K.S., Mitra, A., Rahat, B., Kim, K., Pfeifer, K., 2017. Loss of imprinting mutations define both distinct and
overlapping roles for misexpression of IGF2 and of H19 IncRNA. Nucleic Acids Res. 45, 12766—12779.
https://doi.org/10.1093/nar/gkx896

Parker, J.E., Fishlock, K.L., Mijovic, A., Czepulkowski, B., Pagliuca, A., Mufti, G.J., 1998. “Low-risk”
myelodysplastic syndrome is associated with excessive apoptosis and an increased ratio of pro- versus anti-
apoptotic bcl-2-related proteins. Br. J. Haematol. 103, 1075—1082. https://doi.org/10.1046/j.1365-
2141.1998.01114.x

Parker, J.E., Mufti, G.J., Rasool, F., Mijovic, A., Devereux, S., Pagliuca, A., 2000. The role of apoptosis,
proliferation, and the Bcl-2-related proteins in the myelodysplastic syndromes and acute myeloid leukemia
secondary to MDS. Blood 96, 3932—3938. https://doi.org/10.1182/blood.v96.12.3932.h8003932 3932 3938

Pellagatti, A., Benner, A., Mills, K.I., Cazzola, M., Giagounidis, A., Perry, J., Malcovati, L., Della Porta, M.G.,
Jadersten, M., Verma, A., McDonald, E.J., Killick, S., Hellstrom-Lindberg, E., Bullinger, L., Wainscoat, J.S.,
Boultwood, J., 2013. Identification of gene expression-based prognostic markers in the hematopoietic stem cells
of patients with myelodysplastic syndromes. J. Clin. Oncol. 31, 3557-3564.
https://doi.org/10.1200/JC0O.2012.45.5626

Pellagatti, A., Cazzola, M., Giagounidis, A., Perry, J., Malcovati, L., Della Porta, M.G., Jadersten, M., Killick, S.,
Verma, A., Norbury, C.J., Hellstrom-Lindberg, E., Wainscoat, J.S., Boultwood, J., 2010. Deregulated gene
expression pathways in myelodysplastic syndrome hematopoietic stem cells. Leukemia 24, 756-764.
https://doi.org/10.1038/leu.2010.31

Pellagatti, A., Marafioti, T., Paterson, J.C., Malcovati, L., Della Porta, M.G., Jadersten, M., Pushkaran, B., George,
T.1., Arber, D.A., Killick, S., Giagounidis, A., Hellstrom-Lindberg, E., Cazzola, M., Wainscoat, J.S.,
Boultwood, J., 2009. Marked downregulation of the granulopoiesis regulator LEF1 is associated with disease
progression in the myelodysplastic syndromes. Br. J. Haematol. 146, 86—90. https://doi.org/10.1111/j.1365-
2141.2009.07720.x

Pfeilstocker, M., Tuechler, H., Sanz, G., Schanz, J., Garcia-Manero, G., Solé, F., Bennett, ].M., Bowen, D., Fenaux,
P., Dreyfus, F., Kantarjian, H., Kuendgen, A., Malcovati, L., Cazzola, M., Cermak, J., Fonatsch, C., Le Beau,
M.M,, Slovak, M.L., Levis, A., Luebbert, M., Maciejewski, J., Machherndl-Spandl, S., Magalhaes, S.M.M.,
Miyazaki, Y., Sekeres, M.A., Sperr, W.R., Stauder, R., Tauro, S., Valent, P., Vallespi, T., Van De Loosdrecht,
A.A., Germing, U., Haase, D., Greenberg, P.L., 2016. Time-dependent changes in mortality and transformation
risk in MDS. Blood 128, 902-910. https://doi.org/10.1182/blood-2016-02-700054

Platzbecker, U., Kubasch, A.S., Homer-Bouthiette, C., Prebet, T., 2021. Current challenges and unmet medical needs
in myelodysplastic syndromes. Leuk. 2021 358 35, 2182-2198. https://doi.org/10.1038/s41375-021-01265-7

Popp, H.D., Naumann, N., Brendel, S., Henzler, T., Weiss, C., Hofmann, W.K., Fabarius, A., 2017. Increase of DNA
damage and alteration of the DNA damage response in myelodysplastic syndromes and acute myeloid
leukemias. Leuk. Res. 57, 112—118. https://doi.org/10.1016/j.1eukres.2017.03.011

21



Radakovich, N., Meggendorfer, M., Malcovati, L., Hilton, C.B., Sekeres, M.A., Shreve, J., Rouphail, Y., Walter, W.,
Hutter, S., Galli, A., Pozzi, S., Elena, C., Padron, E., Savona, M.R., Gerds, A.T., Mukherjee, S., Nagata, Y.,
Komrokji, R.S., Jha, B.K., Haferlach, C., Maciejewski, J.P., Haferlach, T., Nazha, A., 2021. A geno-clinical
decision model for the diagnosis of myelodysplastic syndromes. Blood Adv. 5, 4361-4369.
https://doi.org/10.1182/bloodadvances.2021004755

Raveh, E., Matouk, 1.J., Gilon, M., Hochberg, A., 2015. The H19 Long non-coding RNA in cancer initiation,
progression and metastasis - a proposed unifying theory. Mol. Cancer. https://doi.org/10.1186/s12943-015-
0458-2

Rodier, F., Coppé, J.P., Patil, C.K., Hoeijmakers, W.A.M., Muiloz, D.P., Raza, S.R., Freund, A., Campeau, E.,
Davalos, A.R., Campisi, J., 2009. Persistent DNA damage signalling triggers senescence-associated
inflammatory cytokine secretion. Nat. Cell Biol. 11, 973-979. https://doi.org/10.1038/NCB1909

Samdal, H., Hegre, S.A., Chawla, K., Liabakk, N.-B., Aas, P.A., Sporsheim, B., Setrom, P., 2021. The IncRNA
EPB41L4A-AS1 regulates gene expression in the nucleus and exerts cell type-dependent effects on cell cycle
progression. bioRxiv 2021.02.10.430566. https://doi.org/10.1101/2021.02.10.430566

Schosserer, M., Grillari, J., Breitenbach, M., 2017. The dual role of cellular senescence in developing tumors and their
response to cancer therapy. Front. Oncol. 7. https://doi.org/10.3389/fonc.2017.00278

Silva, F.P.G., Morolli, B., Storlazzi, C.T., Anelli, L., Wessels, H., Bezrookove, V., Kluin-Nelemans, H.C., Giphart-
Gassler, M., 2003. Identification of RUNX1/AMLI as a classical tumor suppressor gene. Oncogene 22, 538—
547. https://doi.org/10.1038/sj.onc.1206141

Skokowa, J., Cario, G., Uenalan, M., Schambach, A., Germeshausen, M., Battmer, K., Zeidler, C., Lehmann, U.,
Eder, M., Baum, C., Grosschedl, R., Stanulla, M., Scherr, M., Welte, K., 2006. LEF-1 is crucial for neutrophil
granulocytopoiesis and its expression is severely reduced in congenital neutropenia. Nat. Med. 12, 1191-1197.
https://doi.org/10.1038/nm1474

Sood, R., Kamikubo, Y., Liu, P., 2017. Role of RUNX1 in hematological malignancies. Blood 129, 2070-2082.
https://doi.org/10.1182/blood-2016-10-687830

Stosch, J.M., Heumiiller, A., Nieméller, C., Bleul, S., Rothenberg-Thurley, M., Riba, J., Renz, N., Szarc vel Szic, K.,
Pfeifer, D., Follo, M., Pahl, H.L., Zimmermann, S., Duyster, J., Wehrle, J., Liibbert, M., Metzeler, K.H., Claus,
R., Becker, H., 2018. Gene mutations and clonal architecture in myelodysplastic syndromes and changes upon
progression to acute myeloid leukaemia and under treatment. Br. J. Haematol. 182, 830—842.
https://doi.org/10.1111/BJH.15461

Takacova, S., Slany, R., Bartkova, J., Stranecky, V., Dolezel, P., Luzna, P., Bartek, J., Divoky, V., 2012. DNA
damage response and inflammatory signaling limit the MLL-ENL-induced leukemogenesis in vivo. Cancer Cell
21, 517-531. https://doi.org/10.1016/J.CCR.2012.01.021

Thorvaldsen, J.L., Duran, K.L., Bartolomei, M.S., 1998. Deletion of the H19 differentially methylated domain results
in loss of imprinted expression of H19 and Igf2. Genes Dev. 12, 3693-3702.
https://doi.org/10.1101/GAD.12.23.3693

Valka, J., Vesela, J., Votavova, H., Dostalova-Merkerova, M., Horakova, Z., Campr, V., Brezinova, J., Zemanova, Z.,
Jonasova, A., Cermak, J., Belickova, M., 2017. Differential expression of homologous recombination DNA
repair genes in the early and advanced stages of myelodysplastic syndrome. Eur. J. Haematol. 99, 323-331.
https://doi.org/10.1111/ejh.12920

Vasikova, A., Belickova, M., Budinska, E., Cermak, J., 2010. A distinct expression of various gene subsets in CD34+
cells from patients with early and advanced myelodysplastic syndrome. Leuk. Res. 34, 1566—1572.
https://doi.org/10.1016/j.1eukres.2010.02.021

Vennin, C., Spruyt, N., Dahmani, F., Julien, S., Bertucci, F., Finetti, P., Chassat, T., Bourette, R.P., Le Bourhis, X.,
Adriaenssens, E., 2015. H19 non coding RNA-derived miR-675 enhances tumorigenesis and metastasis of
breast cancer cells by downregulating c-Cbl and Cbl-b. Oncotarget 6, 29209-29223.
https://doi.org/10.18632/oncotarget.4976

Walter, M.J., Shen, D., Ding, L., Shao, J., Koboldt, D.C., Chen, K., Larson, D.E., McLellan, M.D., Dooling, D.,
Abbott, R., Fulton, R., Magrini, V., Schmidt, H., Kalicki-Veizer, J., O’Laughlin, M., Fan, X., Grillot, M.,
Witowski, S., Heath, S., Frater, J.L., Eades, W., Tomasson, M., Westervelt, P., DiPersio, J.F., Link, D.C.,
Mardis, E.R., Ley, T.J., Wilson, R.K., Graubert, T.A., 2012. Clonal Architecture of Secondary Acute Myeloid
Leukemia. N. Engl. J. Med. 366, 1090—1098. https://doi.org/10.1056/nejmoal 106968

Wang, B., Suen, C.W., Ma, H., Wang, Y., Kong, L., Qin, D., Lee, Y.W.W., Li, G., 2020. The Roles of H19 in

22



Regulating Inflammation and Aging. Front. Immunol. 11, 2769. https://doi.org/10.3389/fimmu.2020.579687

Wang, J., Zhao, L., Shang, K., Liu, F., Che, J., Li, H., Cao, B., 2020. Long non-coding RNA H19, a novel therapeutic
target for pancreatic cancer. Mol. Med. https://doi.org/10.1186/5s10020-020-00156-4

Wang, Y. yuan, Cen, J. nong, He, J., Shen, H. jie, Liu, D. dan, Li, Y., Qi, X. fei, Chen, Z. xing, 2009. Accelerated
cellular senescence in myelodysplastic syndrome. Exp. Hematol. 37, 1310-1317.
https://doi.org/10.1016/j.exphem.2009.09.002

Wen, J., Luo, Q., Wu, Y., Zhu, S., Miao, Z., 2020. Integrated Analysis of Long Non-Coding RNA and mRNA
Expression Profile in Myelodysplastic Syndromes. Clin. Lab. 66, 825—-834.
https://doi.org/10.7754/CLIN.LAB.2019.190939

Wu, D., Ozaki, T., Yoshihara, Y., Kubo, N., Nakagawara, A., 2013. Runt-related transcription factor 1 (RUNX1)
stimulates tumor suppressor p53 protein in response to DNA damage through complex formation and
acetylation. J. Biol. Chem. 288, 1353—1364. https://doi.org/10.1074/jbc.M112.402594

Wu, S., Zheng, C., Chen, S., Cai, X., Shi, Y., Lin, B., Chen, Y., 2015. Overexpression of long non-coding RNA
HOTAIR predicts a poor prognosis in patients with acute myeloid leukemia. Oncol. Lett. 10, 2410-2414.
https://doi.org/10.3892/0L.2015.3552

Yao, C.Y., Chen, C.H., Huang, H.H., Hou, H.A., Lin, C.C., Tseng, M.H., Kao, C.J., Lu, T.P., Chou, W.C., Tien, H.F.,
2017. A 4-IncRNA scoring system for prognostication of adult myelodysplastic syndromes. Blood Adv. 1,
1505—1516. https://doi.org/10.1182/bloodadvances.2017008284

Zglinicki, T. Von, Saretzki, G., Ladhoff, J., Fagagna, F.D.A. Di, Jackson, S.P., 2005. Human cell senescence as a
DNA damage response. Mech. Ageing Dev. 126, 111-117. https://doi.org/10.1016/j.mad.2004.09.034

Zhang, T. juan, Zhou, J. dong, Zhang, W., Lin, J., Ma, J. chun, Wen, X. mei, Yuan, Q., Li, X. xi, Xu, Z. jun, Qian, J.,
2018. H19 overexpression promotes leukemogenesis and predicts unfavorable prognosis in acute myeloid
leukemia. Clin. Epigenetics 10. https://doi.org/10.1186/s13148-018-0486-z

Zhang, X., Weissman, S.M., Newburger, P.E., 2014. Long intergenic non-coding RNA HOTAIRMI regulates cell
cycle progression during myeloid maturation in NB4 human promyelocytic leukemia cells. RNA Biol. 11.
https://doi.org/10.4161/RNA.28828

Zhang, Y., Fan, L.J., Zhang, Y., Jiang, J., Qi, X.W., 2020. Long Non-coding Wilms Tumor 1 Antisense RNA in the
Development and Progression of Malignant Tumors. Front. Oncol. 10, 35.
https://doi.org/10.3389/fonc.2020.00035

Zhang, Y., Li, Z., Chen, M., Chen, H., Zhong, Q., Liang, L., Li, B., 2020. IncRNA TCL6 correlates with immune cell
infiltration and indicates worse survival in breast cancer. Breast Cancer 27, 573-585.
https://doi.org/10.1007/s12282-020-01048-5

Zhao, X., Yin, H., Li, N., Zhu, Y., Shen, W., Qian, S., He, G., Li, J., Wang, X., 2019. An Integrated Regulatory
Network Based on Comprehensive Analysis of mRNA Expression, Gene Methylation and Expression of Long
Non-coding RNAs (IncRNAs) in Myelodysplastic Syndromes. Front. Oncol. 9.
https://doi.org/10.3389/FONC.2019.00200

Zhou, J. dong, Zhang, T. juan, Xu, Z. jun, Deng, Z. qun, Gu, Y., Ma, J. chun, Wen, X. mei, Leng, J. yan, Lin, J.,
Chen, S. ning, Qian, J., 2020. Genome-wide methylation sequencing identifies progression-related epigenetic
drivers in myelodysplastic syndromes. Cell Death Dis. 2020 1111 11, 1-15. https://doi.org/10.1038/s41419-020-
03213-2

Zhou, T., Hasty, P., Walter, C.A., Bishop, A.J.R., Scott, L.M., Rebel, V.1, 2013. Myelodysplastic syndrome: An
inability to appropriately respond to damaged DNA? Exp. Hematol. 41, 665-674.
https://doi.org/10.1016/j.exphem.2013.04.008

23



List of publications:

Publications included in this thesis

Publication 1

Katarina Szikszai, Zdenek Krejcik, Jiri Klema, Nikoleta Loudova, Andrea Hrustincova, Monika
Belickova, Monika Hruba*, Jitka Vesela, Viktor Stranecky, David Kundrat, Pavla Pecherkova,
Jaroslav Cermak, Anna Jonasova, Michaela Dostalova Merkerova. LncRNA Profiling Reveals
That the Deregulation of H19, WT1-AS, TCL6, and LEF1-AS1 Is Associated with Higher-
Risk Myelodysplastic Syndrome. Cancers (Basel). 2020;12(10):2726.
doi:10.3390/cancers12102726

IF2020 = 6.639
Monika Kaisrlikova (*Hruba is maiden name) performed and interpreted the NGS experiments.

Publication 11

Monika Kaisrlikova, Jitka Vesela, David Kundrat, Hana Votavova, Michaela Dostalova
Merkerova, Zdenek Krejcik, Vladimir Divoky, Marek Jedlicka, Jan Fric, Jiri Klema, Dana
Mikulenkova, Marketa Stastna Markova, Marie Lauermannova, Jolana Mertova, Jacqueline
Soukupova Maaloufova, Anna Jonasova, Jaroslav Cermak & Monika Belickova. RUNX1
mutations contribute to the progression of MDS due to disruption of antitumor cellular
defense: a study on patients with lower-risk MDS. Leukemia. 2022;36:1898-1906.
https://doi.org/10.1038/s41375-022-01584-3

1F2021 = 11.528

Monika Kaisrlikova performed the NGS experiments, Sanger sequencing, statistical analyses,
interpreted the results, and wrote the manuscript.

Publications not included in this thesis

Hrustincova, A.; Krejcik, Z.; Kundrat, D.; Szikszai, K.; Belickova, M.; Pecherkova, P.; Klema, J.;

Vesela, J.; Hruba, M.; Cermak, J.; Hrdinova, T.; Krijt, M.; Valka, J.; Jonasova, A.; Dostalova
Merkerova, M. Circulating Small Noncoding RNAs Have Specific Expression Patterns in
Plasma and Extracellular Vesicles in Myelodysplastic Syndromes and Are Predictive of
Patient Outcome. Cells 2020, 9, 794. https://doi.org/10.3390/cells9040794

1F2020 = 6.600

Votavova, H.; Urbanova, Z.; Kundrat, D.; Dostalova Merkerova, M.; Vostry, M.; Hruba, M.;
Cermak, J.; Belickova, M. Modulation of the Immune Response by Deferasirox in
Myelodysplastic Syndrome Patients. Pharmaceuticals 2021, 14, 41.
https://doi.org/10.3390/ph14010041

IF2021 = 5.215

24



Koralkova, P.; Belickova, M.; Kundrat, D.; Dostalova Merkerova, M.; Krejcik, Z.; Szikszai, K.;
Kaisrlikova, M.; Vesela, J.; Vyhlidalova, P.; Stetka, J.; Hlavackova, A.; Suttnar, J.; Flodr, P.;
Stritesky, J.; Jonasova, A.; Cermak, J.; Divoky, V. Low Plasma Citrate Levels and Specific
Transcriptional Signatures Associated with Quiescence of CD34+ Progenitors Predict
Azacitidine Therapy Failure in MDS/AML Patients. Cancers 2021, 13, 2161.
https://doi.org/10.3390/cancers13092161

1F2021 = 6.575

Hruba M. Vyznam sekvenovani nové generace u MDS. Myelodysplastic Syndrome News,
2020, vol. 8, s. 16-23.

A peer-reviewed journal without impact factor

25



