
1SCieNtifiC REPORTS | 7: 7029 | DOI:10.1038/s41598-017-07356-9

www.nature.com/scientificreports

Suppression of Transposable 
Elements in Leukemic Stem Cells
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& Giridharan Ramsingh1

Genomic transposable elements (TEs) comprise nearly half of the human genome. The expression of TEs 
is considered potentially hazardous, as it can lead to insertional mutagenesis and genomic instability. 
However, recent studies have revealed that TEs are involved in immune-mediated cell clearance. 
Hypomethylating agents can increase the expression of TEs in cancer cells, inducing ‘viral mimicry’, 
causing interferon signalling and cancer cell killing. To investigate the role of TEs in the pathogenesis 
of acute myeloid leukaemia (AML), we studied TE expression in several cell fractions of AML while 
tracking its development (pre-leukemic haematopoietic stem cells, leukemic stem cells [LSCs], and 
leukemic blasts). LSCs, which are resistant to chemotherapy and serve as reservoirs for relapse, showed 
significant suppression of TEs and interferon pathways. Similarly, high-risk cases of myelodysplastic 
syndrome (MDS) showed far greater suppression of TEs than low-risk cases. We propose TE 
suppression as a mechanism for immune escape in AML and MDS. Repression of TEs co-occurred 
with the upregulation of several genes known to modulate TE expression, such as RNA helicases and 
autophagy genes. Thus, we have identified potential pathways that can be targeted to activate cancer 
immunogenicity via TEs in AML and MDS.

Transposable elements (TEs) have been mostly considered detrimental because of their inherent mobile nature. 
Their expression can lead to insertional mutagenesis, chromosomal rearrangements, and genomic instabil-
ity, potentially contributing to cancer development1–4. TEs have the ability to transpose to new sites through 
a cut-and-paste mechanism (DNA transposons) or through RNA intermediates by a copy-and-paste mecha-
nism (retrotransposons). Retrotransposons are further classified into long terminal repeat (LTR) and non-LTR 
elements. Endogenous retroviruses (ERV), which are LTRs, resemble retroviruses in their structure and func-
tion. Long interspersed nuclear elements (LINE) such as LINE1 are non-LTRs, and autonomous in their ability 
to retrotranspose, whereas short interspersed nuclear elements (SINE) such as Alu are non-autonomous, and 
dependent on LINE for retrotransposition. TEs are highly expressed during embryogenesis and play an active 
role in it5,6. TEs have also been suggested to have played a positive role in evolution by increasing the potential for 
advantageous novel genes7–10.

The genomic regions that contain TEs are highly methylated and are silenced by heterochromatin in the 
somatic cells11,12. TE activation has been reported in aging tissues, including in aging stem cells13,14. TEs have 
been reported to be expressed in various types of cancers for the past 3 decades; however, it remains unknown 
if they are causal or consequential to the development of cancer. Recent reports revealed a potential beneficial 
role of TEs in cancer, wherein ERVs were shown to be potential tumour-specific antigens15. Hypomethylating 
agents increase the expression of TEs in cancer cells, inducing ‘viral mimicry’ and causing interferon signalling 
and cancer cell killing16,17. Bidirectional (sense and anti-sense) transcription of many TEs, including ERVs, yields 
dsRNA18,19. dsRNA sensors then activate potent interferon response pathways, leading to the activation of inflam-
matory pathways and cell death16,17. These findings suggested that TE expression in cancer cells could play a role 
in immune-mediated clearance of cancer cells.

Acute myeloid leukaemia (AML), the most common form of acute leukaemia in adults, is characterized by 
high rates of initial remission with chemotherapy (60–70%), but is also associated with high relapse rates. Nearly 
two decades ago, it was shown that only a small fraction of AML cells (termed leukemic stem cells or LSCs) were 
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capable of re-initiating the tumour when transplanted into immunodeficient animals20. LSCs in AML can be 
identified based on the expression of cell surface proteins (CD34+CD38negCD99+TIM3+)21. Although the exact 
role of LSCs in the pathogenesis and relapse of AML is still debated, their presence is associated with resistance 
to therapy, relapse, and poor prognosis22. Thus targeting LSCs in AML is a major focus of oncologic research, 
however the lack of understanding of pathways dysregulated in LSCs has hampered progress. We speculated that 
the resilience of LSCs was mediated by its ability to escape immune mediated clearance. To investigate this, we 
studied the expression of TEs and its accompanying immune pathways in AML cell fractions.

Materials and Methods
See supplemental section for materials and methods.

Results
LSCs show low expression of TEs. Corces et al. had recently used fluorescent activated cell sorting to 
isolate leukemic cells from patients with AML. They separated the cells of three distinct stages of AML evolution, 
pre-leukemic haematopoietic stem cells (pHSCs; CD34+CD38negCD99negTIM3neg), leukemic stem cell (LSCs; 
CD34+CD38negCD99+TIM3+), and leukemic blasts (Blasts; CD99+TIM3+CD45midSSChigh), characterized their 
transcriptome, and analysed their coding gene expression patterns21. To investigate the regulation of TEs in the 
development of AML, we examined the transcriptomes in these stages by measuring the changes in TE expres-
sion. When LSCs were compared to pHSCs and Blasts, we identified a significant downregulation of TEs in LSCs 
(Fig. 1a,b, and Supplement Fig. 1). Among the different classes of TEs, SINE was the most suppressed in LSCs, 
followed by LTR retrotransposons (Fig. 1a). The most dysregulated TE types in LSCs were Alu, ERV1, ERVL, 
ERVK, and LTR retrotransposons, all of which showed significant suppression (Supplement table 1).

We further analysed the dysregulation of TEs in individual AML samples, while tracking the stages of AML. 
We found that specific TE types were dysregulated, with LSCs showing significant suppression of Alu, ERV3. 
ERVK, ERVL, and LTR retrotransposons (Fig. 1c, Supplement Fig. 2). We did not observe significant suppression 
of LINE1 in LSCs. These results suggested that TEs were dysregulated during AML development, with LSCs 
showing significant suppression of specific TE types.

LSCs show suppression of interferon pathways. LSCs are known to be resistant to treatment and serve 
as potential sources of relapse for AML, although the mechanisms behind this resilience are not fully under-
stood22. Expression of TEs is known to activate a viral recognition pathway, which causes interferon signalling 
and immune-mediated cell clearance16,17. Because LSCs showed suppressed TE expression, we investigated 
whether this TE suppression was associated with the suppression of interferon pathways in LSCs, which could 
enable its escape from immune-mediated clearance. LSCs showed significantly higher suppression of several 
Gene Ontology Consortium (GO)-interferon signalling pathways than Blasts (Fig. 2a). When immune-related 
pathways (with a set of 335 genes, generated by combining 17 canonical immune pathways in MSigDB) and 
inflammatory pathways (with a set of 649 genes combining acute inflammatory response and inflammatory 
response in MSigDB and GO) in LSCs and Blasts were compared, LSCs showed significant suppression of the 
immune-related pathways (Fig. 2b, Supplement Fig. 3, and Supplement Table 5).

However, comparison between LSCs (which showed lower expression of TEs than pHSCs) and pHSCs showed 
no significant differences in interferon, immune, or inflammatory pathways (Supplement Fig. 3). This appeared to 
contradict the model of TE-induced activation of immune pathways. We therefore investigated alternate pathways 
that could suppress in immune pathways in pHSCs. Interestingly, we found that all pHSCs exhibited very high 
expression of EVI-1 (pHSCs vs. LSCs, 4.6-fold, p < 0.0001; pHSCs vs. Blasts, 3.4-fold, p < 0.0001, Supplement 
Fig. 4), which is known to suppress immune pathways by downregulating NFκB (a pathway known to be acti-
vated by viral RNA)23. Consistent with this finding, we also observed that NFκB pathways were more suppressed 
in pHSCs than Blasts (Blasts and pHSCs showed similar expression of TEs) (Supplemental Fig. 4). These findings 
suggested that both LSCs and pHSCs showed suppression of NFκB and immune-related pathways, compared to 
Blasts. LSCs showed suppressed TE expression and pHSCs showed high expression of EVI-1.

Coding gene networks are co-regulated with TEs. Although TE expression is known to activate 
immune pathways, the types of TEs that participate in this mechanism are currently unknown. In order to under-
stand the relationship between coding gene expression and the expression of specific TE subtypes, we first per-
formed an unsupervised clustering of the AML samples based on coding gene expression, and found that LSCs 
formed a well-grouped cluster (Fig. 3). We then analysed the corresponding expression of various TE types and 
observed a significant suppression in the expression of specific TE types such as Alu, ERV3, ERVK, and LTR ret-
rotransposons in LSCs, compared to pHSCs and Blasts (Fig. 3). This suggested that coding gene expression was 
distinct in samples with low expression of specific types of TEs (LSCs).

Next, in order to investigate which coding gene networks were correlated with specific TE types, we created 
a genomic association table using the transcriptome from Blasts and LSCs, as shown in Fig. 4. The coding genes 
were first clustered based on their co-expression to form specific modules. Each module contained unique set of 
genes that were likely co-regulated and had functional similarities. For example, module 26 contains many RNA 
helicase genes (Supplement Fig. 5). We correlated these modules to the expression of specific TE types and found 
that some modules were positively or negatively correlated with the expression of specific TE types. We per-
formed a pathway analysis using the genes in each module for testing the interferon, immune and inflammatory 
activity, comparing Blasts to LSCs. We identified modules that showed activation (modules 3, 5, 13, 14, 17 and 
41) and suppression (22, 24, 26, 29, 30, 39 and 46) of interferon/immune/inflammation gene pathways in Blasts, 
compared to LSCs (Fig. 4 and Supplement Fig. 5). We then correlated this with the expression of different TE 
types. As shown in the Fig. 4, the modules that had shown activation of interferon/immune/inflammation genes 
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were positively associated with the expression of specific TE types (Alu, ERVL, ERVK, and LTR retrotransposons) 
and negatively associated with the expression of ERV1, SAT, and L1. The modules that had shown suppression 
of the genes in interferon/immune/inflammation were positively associated with the expression of ERV1 and 

Figure 1. Analysis of differential expression of transposable elements in pre-leukemic stem cells (pHSC), 
leukemic stem cells (LSC), and Blasts (a) X-axis; Patient identifier. The expression levels in log10 using the 
metric transcripts per million (TPM). The ‘Transposable Element (TE) Type ‘ classifies individual repeat 
transcripts into one of 68 unique canonical categories of TEs. Each TE type is contained in one TE Class. (b) 
Quantiles of the absolute log-fold change of the differentially expressed (DE) TE transcripts in pHSC-LSC, and 
Blast-LSC samples. Y-axis: absolute log-fold change of each individual DE TE transcript from Fig. 1A. (c) Y-axis: 
log10 of TPM expression level for each of the 7 paired samples across each clonal point. The individual patients 
are denoted with unique colours.
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negatively associated with Alu, ERV3, ERVL, and LTR retrotransposons. Chi-square test confirmed a global asso-
ciation between the correlation of positive/negative coding gene module with TE types and the positive/negative 
enrichment activity of the interferon/immune/inflammation pathways, respectively (p = 0.005). This suggested 
that specific types of TE were significantly linked to interferon/immune/inflammatory pathway activation.

High-risk cases of MDS show suppression of TEs. In order to validate the observation that TEs induced 
inflammatory pathway activation in Blasts in an independent model, we analysed the expression of TEs in MDS, 
comparing CD34 + cells from low-risk and high-risk cases of MDS. MDS cases with refractory anaemia with 
excess blasts (RAEB) were classified as high-risk and the others were considered low-risk. The two groups were 
compared using RNA sequencing data from Wang et al.24. We identified significant suppression of TE expression 
in high-risk MDS, compared to low risk MDS (Fig. 5a). High-risk MDS specifically showed suppression of Type 1 
interferon genes, which are known to be activated by viral RNA (Fig. 5b). Inflammation-related genes (Figure 5c, 
2-fold change, p = 0.0002, FDR = 0.0003 and Supplement Fig. 6) were also significantly suppressed in high-risk 
MDS, compared to low risk-MDS. The model validated many of the features of AML development (Fig. 1, Fig. 2), 
where suppression of TEs is associated with diminished expression of interferon and inflammatory genes.

To further characterise the association between coding genes and TE expression, we created an association 
table similar to that for AML shown in Fig. 4 (Fig. 5d). The data indicated a similar association between gene 
modules (module 3, 4, 5, 9 and 10) that showed activation of immune/inflammatory genes in low-risk MDS com-
pared to high-risk MDS and the expression of specific TE types such as ERV3, ERVL, and LTR retrotransposons. 

Figure 2. Analysis of gene set enrichment for interferon, inflammation, and immune response genes (a) 
Interferon-related gene sets from GO MSigDB, comparing LSCs and Blasts in AML. (b). Gene set enrichment 
analysis of combined inflammation and immune gene sets, comparing LSCs and Blasts. The Bonferroni multiple 
testing correction significance threshold is denoted as ‘p.val’. * indicates p < 0.025.

http://5c
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These modules also showed a negative correlation with the expression of ERV1 and L1 (Fig. 5d and Supplement 
Fig. 7). Type 1 interferon genes were present in only module 9 and 10. These data indicated that similar to LSCs in 
AML, high-risk cases of MDS exhibited suppressed expression of specific TE types along with the corresponding 
suppression of interferon and inflammatory pathways.

Pathways that potentially mediate suppression of TEs in LSCs. The mechanisms behind the regula-
tion of TEs have not been thoroughly investigated. Similar to coding genes, TEs can be regulated both transcrip-
tionally and post-transcriptionally. Epigenetic modifications secondary to alterations in ATRX, P53, and SIRT1 
and methylation of DNA, have been shown to regulate the expression of TEs25–27. We investigated whether TEs 
were suppressed in LSCs through epigenetic mechanisms by analysing its chromatin accessibility using the data 
from assay for transposase accessible chromatin with high-throughput sequencing (ATAC-seq) for pHSCs, LSCs, 
and Blasts from Corces et al.21. ATAC-seq has been used for genome-wide mapping of chromatin accessibility. 
It uses Tn5 transposase to insert sequencing adapters into accessible regions of the chromatin and then uses the 
sequence reads mapped to the genome to infer accessible regions. Principle component analysis showed that 
pHSCs were clustered separately from LSCs and Blasts (Fig. 6a). Contrary to our expectations, LSCs, despite hav-
ing low expression of TEs, had more nucleosome-free regions than pHSCs (Fig. 6b). We analysed the differential 
accessibility by comparing the accessibility of LSCs to pHSCs, and found 18,099 regions that were significantly 
more accessible and 441 regions that were significantly less accessible in LSCs compared to pHSCs (Fig. 6b and 
Supplement Table 3). Comparison of LSCs to Blasts showed no significant differences in the accessible regions. 
These findings suggested that the suppression of TEs in LSCs was likely not due to increased heterochromatin.

Because LSCs showed suppressed TE expression despite having more accessible chromatin, we inves-
tigated other pathways that could regulate TE expression. A major mechanism for regulating TEs involves 
their post-transcriptional degradation28–30. We analysed genes known to suppress TEs post-transcriptionally, 
as described by Goodier et al.28, and compared them in LSCs and Blasts and in high-risk and low-risk MDS. 
High-risk MDS showed significant upregulation of ATG5, KIAA0430, CALCOCO2, ZC3HAV1, HNRNPL, and 
PABPC1, compared to low-risk cases. LSCs showed significant upregulation of ATG5 and KIAA0430 (Fig. 7a, 
Supplement Figure 8). High-risk MDS cases also showed significant upregulation of RNA interference genes such 
as DROSHA, DICER1, and DGCR8, compared to the low-risk cases, but they were not significantly upregulated 

Figure 3. Unsupervised hierarchical clustering of coding gene expression in patient samples and the expression 
levels of the corresponding transposable elements (a) The image on top depicts the hierarchical clustering of 
each group (pHSC, LSC, and Blast) based on the average Euclidean distance for the coding gene expression 
in the patient samples. Below each sample, the expression of the corresponding TE Types (Alu, ERV3, ERVK, 
ERVL, LTR Retrotransposon, Endogenuous Retroviruses, L1, ERV1, and L2) is shown. The TE expression is 
expressed in units of normalized counts per million (CPM) of log10 (1 + CPM).
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in LSCs (Fig. 7a). Similar to the piRNA system in males, KIAA0430 or meiosis arrest female protein 1 is known 
to play a key role in repressing TEs during oogenesis31. However, its role in regulating TEs in somatic cells has not 
been reported. Autophagy-related 5 (ATG5), which was significantly upregulated in both LSCs and high-risk MDS 
cases (Supplement figure 8), mediated autophagy by enabling the formation of autophagy vesicles. Autophagy is a 
process by which various intracellular components are transported to the lysosomes and degraded. A recent study 
showed that autophagy mediates the degradation of TE post-transcriptionally32. Interestingly, LAMP2 was also 
upregulated in both LSCs and high-risk MDS cases (Fig. 7b). Recently, it was shown that LAMP2C, a splice iso-
form of LAMP2, mediated the degradation of RNA via autophagy (RNAutophagy)33–35. HSP90AA1 (heat shock 
protein 90 kDa α [cytosolic], class A member 1) is a pathogen receptor that activates autophagy and thus controls 
the viral infection36. This protein was also seen upregulated in high-risk MDS cases and LSCs (Fig. 7a and b).

RNA helicases are known to bind to and degrade TE post-transcriptionally28,29,37–40. We found significant 
upregulation of the DExH class of RNA helicases (DHX) in high-risk MDS cases (Fig. 7c and Supplement  
figure 8). In particular, DHX15 and DHX9 were almost exclusively expressed in high-risk MDS cases and DHX15 
was significantly upregulated in LSCs, compared to Blast (Fig. 7c and Supplement figure 8). These results indi-
cated the possibility that several post-transcriptional mechanisms operated for mediating the suppression of TEs 
in AML and MDS.

Figure 4. Identifying significant associations between the expression of coding gene network and the 
transposable element types in AML. The numbers on the Y-axis denote the gene ‘modules’ constructed by 
identifying gene networks based on co-expression patterns. The X-axis denotes canonical TE types used 
for correlating them. The centre figure of squares represents the correlation matrix for the normalized gene 
‘module’ expression and the TE type. * indicates significant associations (p.value ≤ 0.05). Each gene ‘module’ 
was tested for activation of canonical immune and inflammation gene sets in Blasts and compared with LSCs. 
The significant (p.value ≤ 0.05) pathway activity level for each module is plotted on the left of Y-axis (yellow 
indicates significantly higher activation in Blast, and black indicates significantly higher activity in LSCs).
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Discussion
Our study is the first to comprehensively evaluate the expression of TEs and its association with coding genes 
in cancer. We demonstrated that the expression of TEs was dysregulated during the development of AML and 
MDS, with LSCs and high-risk MDS showing significant suppression. It has been shown that the suppression of 
the viral recognition pathway conferred resistance to chemotherapy; mutations in MAVS and RIG-1, genes in the 
viral recognition pathway, have been reported in cancer41. We speculated that the expression of TEs could be a 
potential mechanism for immune-mediated elimination of cancer cells.

Figure 5. Expression of transposable elements in myelodysplastic syndrome (MDS) (a) Differential TE 
expression between low- and high-risk MDS cases. The legends showing TE type and class are identical to 
Fig. 1a. (b) Expression of type-1 interferon genes in MDS using log10 TPM. (c) Comparison of high- and 
low-risk MDS cases for enrichment of canonical immune and inflammation gene sets, similar to Fig. 2b. (d) 
Identification of significant association between the expression of coding gene networks and TE types in MDS, 
similar to Fig. 4.
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Hypomethylating agents have been found to be useful for treating AML and MDS, and recent studies have 
reported that the activation of TEs with the subsequent immune activation was important for their efficacy against 
cancers16,17. Here, we demonstrated that these mechanisms likely operated naturally during cancer development 
and progression to enable immune-mediated control of AML and MDS. Despite the efficacy of hypomethylating 
agents against AML and MDS, only a minority (~20%) of patients responded to this therapy42. Among patients 
who did respond, most eventually developed resistance to therapy with hypomethylating agents. Understanding 
the regulation of TEs would help us explore predictive factors for hypomethylating treatment and develop novel 
strategies to prevent relapse in patients treated with hypomethylating agents.

The role of LSCs in the pathogenesis of AML remains controversial. Our results showed that LSCs clearly 
suppressed the expression of TEs along with distinct coding gene expression. They also showed more suppression 
of inflammatory pathways, including the NFκB pathway. Since Blasts are short lived, they probably did not evolve 
mechanisms to escape immune-mediated attacks. We speculate that LSCs are a subset of Blasts with the ability to 
evade immune recognition.

pHSCs, despite having similar expression levels of TEs as Blasts, also showed suppression of inflammatory 
pathways that prevent the activation of immune signalling. EVI-1, which is known to suppress NFκB, was 
uniquely over-expressed in pHSCs, suggesting that there exists distinct genes which suppress the inflammatory 
pathways in pHSCs. pHSCs carry mutations in genes regulating the epigenetic machinery and have been clearly 
demonstrated to precede the development of AML43. pHSCs are resistant to chemotherapy and likely function 
as reservoirs for relapse of leukaemia44,45. High expression of TEs in pHSCs makes them vulnerable to clearance 
through the viral-recognition pathway; however, this event likely never occurs because of EVI1-mediated sup-
pression of NFkB, which is downstream to the viral-recognition pathway. High expression of EVI-1 has been 
shown to be an indicator of poor risk in AML46. Our analysis is the first to highlight that EVI-1 was significantly 
expressed at high levels in pHSCs. Targeting EVI-1 in pHSCs could help prevent clonal evolution in AML. For 
example, miR-133 is known to target EVI-147. It would be important to explore its role in clonal haematopoiesis 
in the elderly, a condition characterized by expansion of haematopoietic stem cells with mutations in pHSCs.

Our analysis that correlated the expression of coding gene networks to the expression of TE types revealed 
an association between inflammatory pathways to SINE and LTR families and an anti-association with LINE1. 
Among the types of TEs, LINE1 is known to have the highest activity of retrotranspositioning and thus has 
the most potential to cause genomic instability. Hence, LSCs might have co-opted to evolve by suppressing the 
inflammation-inducing TE classes, while retaining the expression of LINE1, which could potentiate genomic 
instability and hence clonal evolution.

We found high expression of several DExH RNA helicases in high-risk MDS. Recent study by Aktas et al. 
showed that suppression of DHX9 lead to increased levels of Alu48. DHX9 was one of the RNA helicases upregu-
lated in LSCs anf high-risk MDS in our study. Targeting DHX9 hence could lead to activation of cancer immuno-
genicity. Importantly, DHX9 is currently being explored as a target for cancer therapy49–53. RNA helicases bind to 
single as well as double stranded RNA, and regulate gene splicing. Aberrant splicing events have been reported in 
patients with MDS, but it is not known whether these splicing factors also regulate TEs. Exploring this function of 
RNA helicases would enable us to develop drugs targeting them to activate TEs in AML and MDS. In addition to 
RNA helicases, the role of autophagy in protecting cancer cells from immune attacks via suppressing TE needs to 
be explored. Drugs targeting autophagy, RNA autophagy (mediated by LAMP2C) in particular, could be promis-
ing therapeutic agents against AML and MDS.

Figure 6. Chromatin accessibility in pHSCs, LSCs, and Blasts (a) Multi-dimensional scaling plot with two 
dimensions showing similarity between different ATACseq samples: pHSC (blue), LSC (red), and Blast (black). 
(b) Depicts the differential accessibility using ATACseq sampling data comparing LSCs to pHSC. X-axis is log2 
fold change of differentially accessible regions (Supplement table 4); Y-axis is –log10 of the p.values reported 
from comparison. The minimum p.value considered was 5.593e-03.
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Immuno-oncology is emerging as one of the cornerstones of treatment of various cancers. Interferons have 
long been used in the treatment of cancers, leading to sustained remissions54–56. However, it has been associated 
with significant systemic toxicities. Activating suppressed TEs, which are known to activate interferons, in cancer 
cells could potentially accomplish this in a targeted manner.

Our study is the first to show dysregulation of TE in LSCs, revealing its importance in the pathogenesis of AML 
and MDS. Studying direct mechanisms of the regulation of cancer immunosurveillance by TEs in AML and MDS 
could lead to therapies improving long-term survival by manipulating the expression of TEs in leukemic cells.

Figure 7. Expression of genes that modulate transposable elements post-transcriptionally (a) Genes that 
regulate TE post-transcriptionally. Positive fold-change (Y-axis; y > 0) indicates higher expression in high-
risk MDS cases and/or LSCs. Negative fold-change (y < 0) indicates higher expression in low-risk MDS cases 
and/or Blasts. Significant genes are denoted with *p.value ≤ 0.05. (b) Autophagy-regulating genes in MDS 
and AML. Expression of LAMP2 and HSP90AA1 in high- and low-risk MDS cases and pairwise comparison 
of AML stages. Paired patient measurements are shown with matching colours. Adjusted significance values 
denoted *p.value ≤ 0.05 (c) Expression of RNA helicase genes, DExH genes. The heatmap depicts differentially 
expressed DExH genes in MDS cases. Expression of DHX15 in different stages of AML, where paired patient 
measurements are shown with matching colours. Adjusted significance values denoted *p.value ≤ 0.05.
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