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Abstract
Background/Aims: Down syndrome associated disorders are caused by a complex genetic 
context where trisomy 21 is a central component in relation to other changes involving epi-
genetic regulators and signaling molecules. This unique genetic context is responsible for the 
predisposition of people with Down syndrome to acute leukemia. Although, the research in 
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this field has discovered some important pathogenic keys, the exact mechanism of this pre-
disposition is not known. Methods: In this study we applied functional enrichment analysis to 
evaluate the interactions between genes localized on chromosome 21, genes already identify 
as having a key role in acute leukemia of Down syndrome, miRNAs and signaling pathways 
implicated in cancer and cell development and found that miR-155 has a high impact in genes 
present on chromosome 21. Forward, we performed next generation sequencing on DNA 
samples from a cohort of patients diagnosed with acute leukemia of Down syndrome and 
in vitro functional assay using a CMK-86 cell line, transfected with either mimic or inhibitor 
of the microRNA-155-5p. Results: Our results show that the epigenetic alteration of the TNF 
superfamily receptors in Down syndrome, which can be correlated to microRNA-155-5p aber-
rant activity, may play an important role in cell signaling and thus be linked to acute myeloid 
leukemia. Conclusion: Some genes, already shown to be mutated in AML-DS, are potential 
targets for miR-155. Our results show that the epigenetic alteration of the TNF superfamily 
receptors in Down syndrome may play an important role in cell signaling and thus be linked 
to acute myeloid leukemia.

Introduction

Discovered by John Langdon Down in 1866 [1], Down syndrome (DS) continues to be 
the most frequent chromosomal disorder of the Western world [2]. Besides the clinical, well 
known, characteristics of DS, hematological disorders are important features and can be re-
sponsible for a unique pathological context. Persons with DS may present with macrocytosis, 
transient platelet count abnormalities and transient leukemia of Down syndrome (TL-DS), 
and have a 10–20 fold increased risk of acute myeloblastic (AML-DS) and acute lymphoblas-
tic (ALL-DS) leukemias [3, 4], indicating the crucial role played by trisomy 21 in hematopoi-
esis [5–10]. Morbidity and mortality caused by solid tumors is less frequent in DS patients 
[11, 12].

A unique hematological feature of Down syndrome is the presence of TL-DS in 4-10% 
of DS neonates [13–15], with a spontaneous resolution in most of the cases [13]. The World 
Health Organization (WHO) defines transient leukemia of DS as increased peripheral blood 
blast cells in neonates with DS [16]. Tunstall et al. recommend that TL-DS should be de-
fined as the presence of a GATA1 mutation together with a peripheral blood blast percentage 
>10% and/or clinical features suggestive of TL-DS in a child with DS or mosaic trisomy 21 
[17]. Based on clinical and hematological aspects, the prevalence of TL-DS is estimated at 
5-10% [15], but the true incidence of TL-DS is hard to estimate because of asymptomatic 
cases, intrauterine deaths, stillborn cases and the possibility of  resolution prior to birth 
[18]. The diagnosis of TL-DS is important because it can progress to AML-DS [19]. 20-30% 
of TL-DS cases will develop acute leukemia in the first 3 years of life [14, 20, 21]. The blasts 
in TL-DS are indistinguishable from true leukemic cells in both morphology and expressed 
surface markers [22]. The true mechanism of progression from TL-DS to AML-DS in not fully 
understood, but research in this field showed that AML-DS clonally evolves from TL-DS, by 
persistent GATA1 mutant cells acquiring additional mutations, most frequently in genes en-
coding members of cohesin protein family, epigenetic regulators, and signaling molecules 
[23–26].

WHO classification of leukemias recognizes AML-DS as a separate entity [11], being the 
predominant form of leukemia in DS children under age 4, ALL-DS dominating in older chil-
dren [22]. 20% of leukemia associated with DS, without counting TL-DS cases, is acute mega-
karyoblastic leukemia (AMkL-DS) [14]. Together with myelodysplastic syndrome (MDS), its 
incidence is approximately 500 times more common in DS than in normal children [27]. 
AMkL-DS originated from one of the multiple subclones present in the TL-DS phase with a 
shared GATA1 mutation [23]. AMkL-DS has unique characteristics, beside the preleukemic 
state, unusual chromosomal findings, it shows a high cure rate [14]. Patients with AMkL-DS 
have an increased sensitivity to cytosine arabinoside secondary to increased expression of 
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the chromosome 21-localized gene, cystathionine-b-synthase, and potentially global mecha-
nisms which increase the susceptibility of cells to undergo apoptosis and should be treated 
according to a less intensive protocol [28, 29].

In the current manuscript we describe the epigenetic events linked to AML-DS, by iden-
tifying microRNA-155-5p as a key molecular player in leukemia progression, as well as its 
potential targets.

Materials and Methods

Functional enrichment analysis and miRNAs targets
We evaluated the interactions between genes localized on chromosome 21, genes already identify as 

having a key role in AML-DS, miRNAs and signaling pathways implicated in cancer and cell development. 
Genes present on chromosome 21 from: http://atlasgeneticsoncology.org/Indexbychrom/idxg_21.html. On 
these we applied STRING software and did functional enrichment analysis using R 3.5.3 and the GO data-
base.

After this we introduced all microRNAs from chromosome 21 in miRNet (https://www.mirnet.ca/
faces/upload/MirUploadView.xhtml) and analyzed which of them are implicated in processes in the bone 
marrow. After this we selected the pathways considered of interest to us and had a p<0.05 using KEGG as the 
database: pathways in cancer, acute myeloid leukemia, p53 signaling pathway and cell cycle.

Because of the high number of genes targeted by hsa-miR-155-5p and its known implications in cancer 
in general, we chose to continue using only the genes that were targeted by hsa-miR-155-5p and that were 
deregulated in the pathways selected. On these genes we also applied functional enrichment analysis us-
ing R 3.5.3 and the GO database. Considering the data obtained by Labuhn et al., we selected the 18 genes 
studied [26], plus GATA1 in STRING; enrichment analysis was performed using KEGG [30], Reactome [31] 
and PANTHER pathways [32]. Further, we used R 3.5.3 and the package multiMIR and considered a target 
valid if it was present in one of the following validated datasets: miRecords, miRTarBase and TarBase [33].

Next generation sequencing on DNA samples from a cohort of patients diagnosed with TL-DS and /or 
AML-DS
Further, we performed a retrospective study of nationwide cohort of patients diagnosed with TL-DS 

and DS-AML that were admitted in the pediatric hematology and oncology departments from Clinical In-
stitute Fundeni in Bucharest, Louis Turcanu Emergency Hospital for Children In Timisoara and Emergency 
Hospital for Children in Cluj Napoca, all in Romania. The study was performed after the written approval 
was obtained from the head of each department and the Ethics Committee of Iuliu Hatieganu University of 
Medicine and Pharmacy, from Cluj-Napoca Romania. We included pediatric patients with the diagnosis of 
TL-DS and DS-AML. Clinical, laboratory data and bone marrow aspirate samples were obtained for each 
patient. Bone marrow aspirate samples at the moment of diagnosis were used to obtain DNA.

DNA extraction
One colored slide of bone marrow we add 10µl of phosphate buffer saline (PBS) and we scrape the 

slide. All the material from the slide is transferred to a tube containing 190µl of PBS, and then we use the kit 
Qiagen DNA Blood Mini kit for DNA extraction with the protocol provided by the manufacturer with some 
small modifications. First to the sample we added 20µl of RNase R (Purelink, Thermo Scientific), then the 
sample was incubated at 56˚C for 30 minutes instead of 10 minutes and the end the DNA was eluted in 40µl 
of AE buffer. The DNA sample were quantified using NanoDrop (Thermo Scientific) and the samples had 
concentration between 1.4ng/µl and 16.8ng/µl, with 260/280 ration ranging from 1.99-6.61, as previously 
described [34–36].

Next Generation Sequencing
For next generation sequencing (NGS), we ordered a custom sequencing panel containing two pool 

of primers that covered the entire region of 43 genes including BAD, BAX, BCL-2, BCL-W, BID, BIM, CASP3, 
CASP8, CD40, CD40L, cIAP2, CYCS, DR6, FasL, HSP27, IGFBP5, IGFBP6, IGF1R, BIRC7, p53, p27, SMAC, 
TNFR1, TNFR2, TNFA, TNFB, TRAIL-R1, TRAIL-R2, TRAIL-R3, TRAIL-R4, XIAP, CDKN1A, BIRC5, HSP60, 
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HSP70-HOM, HTRA1, IGF-1, IGF-2, IGFBP1, IGFBP2, IGFBP3, IGFBP4 and FAS. 10 ng of DNA was used for 
the synthesis of sequencing libraries using the custom panel described above and the Ion AmpliSeq Library 
2.0 kit (Thermo Fischer Scientific). The obtain amplicon libraries were quantified using Qubit 2.0 (Thermo 
Fischer Scientific) and Qubit DNA HS kit (Thermo Fischer Scientific). After quantification the libraries were 
multiplex two samples per sequencing run on an Ion 318 Chip (Thermo Fischer Scientific). For template se-
quencing we used the Ion PGM hi-q view OT2 template kit (Thermo Fischer Scientific) and sequencing was 
done on the Ion PGM (Thermo Fischer Scientific) using the kit Ion PGM hi-q view sequencing kit (Thermo 
Fischer Scientific), as previously described [37–41].

NGS Data Analysis
The data obtained from sequencing was primary analyzed using the Torrent Suite v 5.8 software for se-

quencing quality, DNA trimming and alignment. Secondary analysis was done on the Ion Reporter software 
v 5.12, where we used the following thresholds: p value <0.05, filtered coverage ≥500.

In vitro functional assay
The CMK-86 cell line, established from the peripheral blood of a 10-month child with DS and DS-AMkL, 

was kindly gifted by the Department of Pediatrics, Nagoya University Graduate School of Medicine, Nagoya, 
Japan. Cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 
1% sodium pyruvate. Cells were later transfected with either the mimic, the inhibitor and the non-specific 
mimic (NSM) of the microRNA-155-5p, as previously described [42–44]. In this regard, a concentration of 
50 nM of both microRNAs was selected for further experiments. After culture for 72 hours, a protein array 
and Western blotting was done, in order to assess the protein synthesis of the previously described altered 
genes by NGS.

Total RNA extraction from CLL cells treated with Fludarabine and Rituximab and qRT-PCR
Total RNA extraction from CMK-86 cell line was performed using TriReagent (Ambion) according to 

manufacturer’s instruction. After extraction, total RNA was stored at -80˚C until characterized using Nano-
Drop 2000 (Thermo Scientific). 50 ng of total RNA was reversed transcribed into cDNA using TaqMan mi-
croRNA Reverse Transcription Kit (Applied Biosystems). miRNA expression evaluation was conducted us-
ing TaqMan Fast Advanced Master Mix (Applied Biosystems) and RT-qPCR was performed on ViiATM7 Sys-
tem as a 5 µl volume reaction using a 384-well plate. As an internal control we used U6 and RNU48. Relative 
quantification was conducted using the ΔΔCT method.

Protein array
To investigate the proteins involved in DS-associated leukemia progression after transfected with 

either the mimic or the inhibitor of miR-155-5p, we used a human apoptosis antibody array membrane 
(Abcam, USA). Total protein extracts were obtained from transfected cells using TriReagent (Ambion) 
according to manufacturer’s instruction. After removing the aqueous phase and the interphase, the phenol-
ethanol phase was used to extract proteins. In brief, isopropanol was added to the mixture to precipitate 
the proteins. The pellet obtained after centrifugation at 12,000 g for 15 minutes, was washed three times 
for 20 minutes each time with 0.3M guanidine hydrochloride in 95% ethanol. After the final step and spin, 
100% ethanol was added, incubated at room temperature for 20 minutes followed by a final centrifugation 
at 7,500 g for 5 minutes at 4˚C. The supernatant was removed and a 1:1 solution of 8M urea in Tris-HCl 1M, 
pH 8.0 and 1% SDS was added to the protein pellets, followed by 5 cycles of 30 sec sonication and 30 sec 
ice incubation with an amplitude adjusted to 80%, in order to solubilize the protein. Further, the samples 
were centrifuged at 3,200 g for 10 min at 4˚C to removed insoluble materials [45]. Protein concentration 
was determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific). 1μg of protein was used to 
performed Human Apoptosis Antibody Array Membrane (Abcam) according to manufacturer’s instructions. 
The image was finally analyzed using an enhanced chemiluminescence-plus reagent (GE Healthcare, Buck-
inghamshire, UK) and the results were analyzed on the western blotting image using the J image software, 
as previously described [46].
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Results

Functional enrichment analysis for genes localized on chromosome 21 and identification 
of miRNAs targets
Considering the key genetic feature of Down syndrome (trisomy 21) we selected the 

list of genes present on chromosome 21 from: http://atlasgeneticsoncology.org/Indexby-
chrom/idxg_21.html. On these we applied STRING software and did functional enrichment 
analysis using R 3.5.3 and the GO database as seen in Supplementary Fig. S1A and S1B (for 
all supplementary material see www.cellphysiolbiochem.com).

After all microRNAs from chromosome 21 were introduced in miRNet (https://www.
mirnet.ca/faces/upload/MirUploadView.xhtml) and analyzed to assess which are implicat-
ed in processes in the bone marrow physiology, the potential candidates were: hsa-miR-155-
5p, hsa-miR-99a-5p, hsa-miR-802, see Supplementary Fig. S2. Most genes were targeted by 
hsa-miR-155-5p, as depicted in Supplementary Fig. S2.

Afterwards, the pathways considered of interest were selected, all with a p < 0.05 us-
ing KEGG as the database: pathways in cancer, acute myeloid leukemia, p53 signaling path-
way and cell cycle. Because of the high number of genes targeted by hsa-miR-155-5p and 
its known implications in cancer in general, we continued using only the genes that were 
targeted by hsa-miR-155-5p and that were deregulated in the pathways selected. On these 
genes we also applied functional enrichment analysis using R 3.5.3 and the GO database 
(Supplementary Fig. S3).

Functional enrichment analysis on genes with significant mutations in AML-DS and iden-
tification of miRNAs targets
Considering the data obtained by Labuhn et al. [26], we selected the 18 genes studied, 

plus GATA1 in STRING. It can be observed that they aggregate, thus the progression is caused 
by changes in closely related pathways, already depicted in Supplementary Fig. S1. Enrich-
ment analysis for the selected genes was performed using KEGG [30], Reactome [31], no 
pathways were overrepresented in PANTHER pathways [32] (Supplementary Fig. S4). The 
only gene out of the 19 considered that was also present in chromosome 21 was RUNX1.

As seen above, we determined that hsa-miR-155-5p has a high impact in genes present 
on chromosome 21. Thus, we used R 3.5.3 and the package multiMIR [33] and considered a 
target valid if it was present in one of the following validated datasets: miRecords, miRTar-
Base and TarBase. There were 1008 distinct targets found. The only common gene between 
the genes studied by Labuhn et al. and hsa-miR-155-5p targets was CBL.

NGS on DNA samples from a cohort of patients diagnosed with TL-DS and /or AML-DS
DNA samples of seven patients diagnosed with TL-DS and /or AML-DS were used for 

NGS. These patients are part of a database that we performed before regarding the cases of 
Down syndrome associated leukemia in Romania [47]. Of the seven patients, three (42.85%) 
were male, while four (57.14%) were female. Three (42.86%) patients developed TL-DS, 
achieved remission without treatment in one month for one patient and in 3 months for 2 
patients. The ones that achieved remission after 3 months further developed DS-AML. Six 
(85.71%) patients developed DS-AML, four of them did not have documented TL-DS in the 
neonatal period (Table 1). All six acute leukemias were positive for CD117. Patients that 
achieved remission (33.3%) did not have any comorbidities, the rest of the patient (66.6%) 
did not achieved remission and half of them died because chemo toxicity.

Among all patients there were 43 mutations for TNFRSF10A, 39 for TNFRSF10B, 13 
for TNFRSF10C and 23 for TNFRSF10D. Relative to the gene lengths from GRCH/hg38 the 
genes presented the following indices: TNFRSF10A = 0.001238; TNFRSF10B = 0.0006209; 
TNFRSF10C = 0.000875 and TNFRSF10D = 0.000808. Thus, we hypothesize that mutation of 
TNFRSF10A, TNFRSF10B, TNFRSF10C, TNFRSF10D, which encode proteins that are part of 
the tumor necrosis factor (TNF) receptor superfamily and have an important role in apop-
tosis, might activate NF-kB pathway, influence the transcription of miR-155-5p and activate 
SHIP1/PI3K/AKT pathway, providing cell survival (Fig. 1).
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We further selected all mutations that were not common and occurred in more than two 
patients: for TNFRSF10C we selected Ser231Ile (Grantham = 142; PolyPhen = 0.972; SIFT = 
0) and for TNFRSF10A we selected Gly345Arg (Grantham = 125; PolyPhen = 0.976; SIFT = 
0.05) and Gly339Glu (Grantham = 98; PolyPhen = 0.02; SIFT = 1). Because of the scores pre-
dicting this latter variant to be 
benign we decided to filter it 
out. All the above-mentioned 
variants were heterozygous 
and presented an allele fre-
quency between 3 and 15%, 
showing that they might be 
most likely present in a sub-
population of blasts. More-
over, the TNFRSF10A variants 
completely overlapped, while 
the three patients with the se-
lected TNFRSF10C variant all 
presented both TNFRSF10A 
variants (Fig. 2 and 3).

As discussed above we 
selected the list of genes pres-
ent on chromosome 21 from: 
http://atlasgeneticsoncology.
org/Indexbychrom/idxg_21.
html, and applied STRING 
software and did functional 
enrichment analysis using R 
3.5.3 and the GO database. 
After this we introduced all 
microRNAs from chromo-
some 21 in miRNet (https://
www.mirnet.ca/faces/up-
load/MirUploadView.xhtml) 
and analyzed which of them 
are implicated in processes in 
the bone marrow and found: 
hsa-miR-155-5p, hsa-miR-
99a-5p, hsa-miR-802. Most 
genes were targeted by hsa-
miR-155-5p. After this we 
selected the pathways consid-
ered of interest to us and had 
a p value under 0.05 using 
KEGG as the database: path-
ways in cancer, acute myeloid 
leukemia, p53 signaling path-
way and cell cycle. Because 
of the high number of genes 
targeted by hsa-miR-155-5p 
and its known implications in 
cancer in general, we chose to 
continue using only the genes 
that were targeted by hsa-
miR-155-5p and that were 

Table 1. Description of patients included in the study

’

 

Fig. 1. The role of TNF receptors in apoptosis through the activation 
of NF-kB pathway, increased transcription of miR-155 and further 
stimulation of SHIP1/PI3K/AKT pathway.
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deregulated in the pathways selected. On these genes we also applied functional enrichment 
analysis using R 3.5.3 and the GO database.

Fig. 2. Mutation variants for TNFRSF10A, TNFRSF10B, TNFRSF10C, TNFRSF10D genes.

Fig. 3. TNFRSF10A/B/C/D mutation dynamics in one patient at two time points (preleukemic and acute 
leukemia).
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For the target cohort we have included 41 samples that had both RNAseq and miRNA 
expression available and selected according to the study hypothesis the following genes 
TNFRSF10A, TNFRSF10B, TNFRSF10C, TNFRSF10D, CHUK, IKBKB, NFKBIA, NFKB1, RELA, 
BCL2L1, INPP5D, PIK3CA, AKT1, AKT2, AKT3, MIR155. Using those we assessed the co-ex-
pression of their RNAs using PCA and a heatmap representing the rho correlation coefficient, 
as shown in Fig. 4 and 5. What can be observed in the heatmap is the negative correlation 
between TNFRSF10C and MIR155, which might show the role of TNFRSF10C as a decoy re-
ceptor, thus, inhibiting the transcription of MIR155 through NFKB pathway. Moreover, it can 
be observed that PIK3CA is positively correlated with components of NFKB, showing that 
NFKB activation could lead to PI3K activation. As these pathways heavily rely on activation 
through phosphorylation, RNA expression levels do not show a correct picture, thus further 
needing phosphoproteomic studies or western blotting.

In vitro functional assessment
To investigate if microRNA-155 mimic and inhibitor significantly affects CMK-86 cell 

line viability we performed MTS assay. Cell viability was measured after transfection with 
microRNA-155-5p using MTS assay at 24, 48, 72- and 96-hours post transfection. According 
to the obtained results, we observed that the modifications occur at 24 and 48h were slightly 
modified, meanwhile after 72- and 96-hours statistically significant inhibition of cell viabil-
ity were observed (Fig. 6).

microRNA-155 expression profiling and Dot Blotting
Further, we evaluated the profile of microRNA-155 using qRT-PCR technique on CMK-

86 cell line. qRT-PCR results showed that microRNA-155 expression profile was not signifi-
cantly altered when comparing the inhibitor to the control but was highly affected when 
comparing the mimic to the control (p = 0.0312) (Fig. 7).

Fig. 4. Correlation between RNA expression values in the TARGET AML cohort. The Fig. depicts a negative 
correlation between miR-155-5p and TNFRSF10C. This is thus probably a decoy receptor, possibly an in-
hibitor of NF-kB. The figure also depicts the positive correlation between NF-kB and PIRCA.
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Fig. 5. PCA for RNA expression in the TARGET cohort.

Fig. 6. Cell proliferation assessment following transfection with the mimic and inhibitor of miR-155-5p.
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After the functional assays, we used a western blotting-based protein array to inves-
tigate whether microRNA-155 acts by using molecular pathways related to apoptosis. The 
results are shown in Fig. 8 and reveal that, in this case, the inhibitor shows a bigger impact 
in protein expression compared to the control, especially in the case of TRAIL superfamily 
receptors (Fig. 9).

Discussion

The first step in decoding the genetic background of myelodysplasia associated with 
DS was the discovery of GATA1 mutations in the blasts of AMkL-DS [48]. GATA proteins are 
members of a family of zinc-finger transcription factors (GATA1–6) that bind to a specific 
DNA sequence and have central roles during hematopoiesis [49]. GATA1 is required for the 
proper growth and maturation of erythroid cells and megakaryocytes. In the absence of 
GATA1, megakaryocytes proliferate excessively and do not generate platelets [50–52]. The 
link between AMkL-DS and TL-DS was afterwards investigated, by identifying in the TL-DS 
blasts the same GATA1 mutations as in AMkL blasts [53, 54]. This data shows that the de-
velopment of a GATA1 mutation is an early event in DS myeloid leukemogenesis and con-
tributes to both TL-DS and AMkL- DS [55–57]. Blasts from AMkL-DS have supplementary 
gene mutations [23, 26], as well as karyotypic abnormalities in addition to trisomy 21 [13, 
21, 58]. Overexpression of genes localized on the critical zone of chromosome 21 that are 
responsible for encoding important hematopoietic factors, might therefore cooperate with 
GATA1 mutations to promote progression to AMkL-DS.

RUNX1 is a regulator of megakaryopoiesis, is expressed in megakaryocytes and mutat-
ed GATA1 of AMkL-DS [59–61]. ETS2, part of the ETS family located in 21q22.2, encodes a 
transcription factor that regulates genes involved in development and apoptosis. A synergy 
between GATA1 and ETS proteins was suggested by a model using wild-type and GATA1 
mutant murine fetal liver progenitors with overexpression of ETS2 protein [62, 63]. Muta-
tions of the Janus kinase 3 (JAK3) gene were also reported in TL-DS blasts [24, 64]. Muta-

Fig. 7. qRT-PCR assessment of microRNA-155-5p in the transfected cells.
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tions in JAK1, JAK2, JAK3, MPL, or SH2B3 (LNK) were found in AMkL-DS cases but rarely in 
TL-DS and non-AMkL-DS by Yoshida et al. [23]. Ng et al. also showed in a murine model of 
myeloproliferative disorders associated with DS that ERG is a key component of trisomy-21 
in human DS that predisposes to AMkL [65]. TP53 mutations that are found in the majority 
of cases of adult leukemia were not found in the leukemic cells of TL-DS but were present in 
AMkL cases [23, 66].

In Japan, Yoshida et al. have studied the genetic landscape of DS myelodysplasia using 
whole-genome and whole-exome sequencing in patients TL-DS, DS-AML and the subse-
quent remission phase. They report that the mean number of validated somatic mutations 
in DS-AMkL samples was twice the number observed in TL-DS samples. Eight genes were 
recurrently mutated in the AMkL-DS samples, including RAD21, STAG2, NRAS, CTCF, DCAF7, 
EZH2, KANSL1 and TP53. The Japanese Cancer Genomics Project did not observe significant 
difference in their expression levels in AMkL-DS and non-AMkL-DS cells. 53% of AMkL-DS 
cases had recurrent mutations and deletions in all core cohesin components (STAG2, RAD21, 
SMC3 and SMC1A) and in NIPBL, but in none of the TL-DS cases. CTCF was mutated or de-
leted in 20% of AMkL-DS cases, 2% TL-DS cases and 21% of non-AMkL-DS cases, with seven 
mutations representing nonsense, frameshift or splice-site changes and an additional six 
alterations representing deletions resulting in the loss of protein function. EZH2 mutations 
or deletions were found in 33 % of AMkL-DS cases and 16% of non-AMkL-DS cases [23].

In a similar report, Labuhn et al. have evaluated the mechanism of progression of TL-DS 
to AML in children with DS using combined exome and targeted resequencing with func-
tional analyses. They identified a recurrent and oncogenic hot spot gain-of-function muta-

Fig. 9. Comparison between the control cells and cells treated with either the mimic of the inhibitor.

Fig. 8. Protein array of the proteins associated with apoptosis and necrosis for cells transfected with the 
inhibitor (Fig. 8B), mimic (Fig. 8C), in comparison with the control (Fig. 8A).
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tion in myeloid cytokine receptor CSF2RB. They tested the loss of function of 22 recurrently 
mutated AML-DS genes by using multiplex CRISPR/Cas9 screen in an in vivo murine TAM 
model and found that loss of 18 different genes produced leukemia that had phenotypically, 
genetically, and transcriptionally characteristics of AML-DS. Thus, they confirmed that in 
AML-DS, the most frequently acquired variants were either in genes encoding the cohesin 
complex, including STAG2, RAD21, SMC1A, SMC3, CTCF, and NIPBL or in JAK family kinases, 
MPL and KIT. This research also reports a high frequency of variants in epigenetic regulators, 
including KANSL1, EZH2, and SUZ12, and variants in RAS family members, like the Yoshida 
et al. findings. There was a significant co-occurrence of variants in genes encoding tyrosine 
kinases and RAS proteins with variants in epigenetic regulators or cohesin genes [26].

MicroRNAs are critical regulators of gene expression in a variety of mammalian cell 
types, including cells of the immune system [43, 44, 67–73]. MiRNA expression varies de-
pending on cell type and cellular conditions. There is a reduced complementarity between 
miRNAs and their targets and there are hundreds of potential messenger RNA (mRNA) tar-
gets per miRNA. A single miRNA may regulate multiple biological processes, and several 
miRNAs can regulate an individual target [74, 75]. DS phenotypes are also influenced by 
microRNAs. This is the case of miR-155, miR-802, miR-125b-2, let7c and miR- 99a, found to 
be overexpressed in DS [76, 77]. This overexpression may contribute to the neuropathology, 
congenital heart defects, leukemia and low rate of solid tumor development observed in 
patients with DS [78]. Megakaryopoiesis may be influenced by miR-125b-2 that can have an 
oncogenic role in the pathogenesis of AMkL-DS. Furthermore, miR-486-5p cooperates with 
GATA1, promoting the survival of leukemic cells from patients with DS [79–81]. In normal 
blood physiology, miR-155 is involved in protective immunity, but its dysregulated expres-
sion contributes to malignant disorders [82]. MiR-155 is expressed in immune system cells 
in low levels, but a cell’s activation by antigens leads to overexpression of miR-155 [82–85]. 
Enhanced expression of miR-155 occurs constitutively in a subset of cancer cells of lymphoid 
and myeloid origin [86–89].  New miRNAs, as are miR-nov1 and miR-nov2, were identified 
on chromosome 21. MiR-nov2 overexpression is present in DS lymphocytes, as well as in 
cord blood mononuclear cells of DS fetuses. The 97 mRNA targets of miR-nov2 are associ-
ated with cell growth, cell death, cellular localization and protein transport [90, 91].

The variability of DS phenotypes can be caused by the genetic or epigenetic background 
of everyone. Genes on chromosome 21 that may be responsible of epigenetic changes include 
HLCS, HMGN1, DYRK1a, RUNX1, and BRWD1 [92]. As shown above, the epigenetic changes 
were also found by Yoshida et al. and Labuhn et al. and are mutations related to epigenetic 
regulators. The extra copy of chromosome 21 is not influencing only the genes located on 
chromosome 21 but can also modify the epigenetic status of loci located in the rest of the 
genome [93]. Epigenetic dysregulation in AMkL-DS leukemogenesis occurs in two distinct 
epigenetic steps. The first step is a genome-wide hypomethylation directly related to the ad-
ditional copy of chromosome 21. The second step, detected in TL-DS cells which presented 
GATA1 mutation, consists in aberrant hypermethylation that affects genes responsible for 
hematological development and regulation of cell processes such as growth, proliferation, 
cell cycle regulation and death [23, 93, 94] (Fig. 10).

Using functional enrichment analysis for genes localized on chromosome 21 and intro-
ducing new microRNAs from chromosome 21 in miRNet, we found that hsa-miR-155-5p, 
hsa-miR-99a-5p, hsa-miR-802 are implicated in processes in the bone marrow and that most 
genes were targeted by hsa-miR-155-5p. MiR-155-5p is an important regulator of immune 
cell development and function, but the exact mechanism of interaction with the hematopoi-
etic system is not well defined. Out of all miRNAs found to be present in chromosome 21, 
only some of them have transcriptional levels due to alteration of the dosage of genes located 
on chromosome 21. Overexpression of miR-155, miR-802, miR- 125b-2, let-7c and miR-99a 
was found to be involved in DS. This overexpression may contribute to the DS phenotypes, 
including the neuropathology, congenital heart defects, leukemia and low rate of solid tumor 
development observed in these patients [76–78, 90, 95].
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miR-155, an evolutionarily conserved miRNA, is the first miRNA found to be involved in 
the initiation of the innate immune response to lipopolysaccharides [96, 97].  It is involved in 
the differentiation of T-cell and germinal center B-cell responses. MiR-155-deficient B-cells 
have an impaired capability to differentiate into germinal center cells and undergo immuno-
globulin class switching [98]. Moreover, dendritic cells that lack miR-155 lose their antigen 
presentation capacity and make it unable to induce efficient T-cell activation in response 
to antigens [84]. This influence on T-cells can be explained by the evidences that show the 
important role played by miR-155 in inflammation [96, 99–102]. Overexpression of miR-155 
is associated with increased levels of cytokines like IL-1ß, IL-6, IL-8 and TNF. This happens 
because miR-155 can target and reduce the expression of genes encoding SHIP-1 and SOCS1, 
negative regulators of lipopolysaccharides signaling [82, 103–106].

An important role of miR-155, besides inflammation and immune response to infec-
tion, is the regulatory role in cancer [107]. It can influence the hematopoiesis, acting as an 
oncomiR in different types of leukemia or lymphoma but also in solid tumors. Overexpres-
sion of miR-155 is reported in CLL [87, 108], AML [89, 109], DLBLC where it is considered an 
independent prognosis indicator of survival [110–116], Hodgkin lymphoma [88], or NK cell 
lymphomas [117]. Hassan et al. have proven the miR-155 implications in pediatric patients 
with AML associated with hepatitis C virus (HCV) infection and found that this miRNA is 
linked to high HCV viral load and leukemic burden and demonstrated that miR-155a knock-
out can improve the disease outcome [107].

Although we used a small sample group, performing NGS for our patient’s samples 
we found 43 mutations for TNFRSF10A, 39 for TNFRSF10B, 13 for TNFRSF10C and 23 for 
TNFRSF10D. We hypothesize that mutation of TNFRSF10A, TNFRSF10B, TNFRSF10C, TN-
FRSF10D, which encode proteins that are part of the tumor necrosis factor (TNF)-related 
apoptosis-inducing ligand (TRAIL) family and have an important role in apoptosis, might 
activate NF-kB pathway, influencing the transcription of has-miR-155-5p and activating 
SHIP1/PI3K/AKT pathway, that subsequently affects cell survival. We also report a negative 
correlation between TNFRSF10C and miR-155-5p, which might show the role of TNFRSF10C 

Fig. 10. During AMkL associated with Down Syndrome (trisomy 21) development some genes located on 
chromosome 21, such as HLCS, HMGN1, DYRK1a, RUNX1, BRWD1) affect the epigenetic landscape of the cell 
through two steps: 1) Global hypomethylation of the entire genome and 2) Local hypermethylation of genes 
involved in cell proliferation, apoptosis, cell cycle progression and general hematologic development. These 
two events ultimately result in acquisition of malignant phenotype of the AMkL cell.
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as a decoy receptor, thus, inhibiting the transcription of miR155 through NF-kB pathway. 
Moreover, PIK3CA is positively correlated with components of NF-kB, showing that NF-kB 
activation could lead to PI3K activation.

Conclusion

Taking together our findings and the above information show the important role of miR-
155-5p as a regulator of the immune system but it can also explain the hematological dis-
orders found in DS as a result of a dysregulated activity of miR-155-5p secondary to dose 
depending gene effect produced by 21 trisomy. Extending our research on miR-155-5p and 
its possible targets in AML-DS. We tested the hypothesis that some genes, already shown to 
be mutated in AML-DS, potential targets for miR-155. Our results show that the epigenetic 
alteration of the TNF superfamily receptors in Down syndrome may play an important role 
in cell signaling and thus be linked to acute myeloid leukemia.
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