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MicroRNA profiling in aplastic
anemia reveals similarities
between secondary
myelodysplastic syndromes
arising from clonal progression
and de novo MDS
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Centre, Melbourne, VIC, Australia, 2Laboratory of ACRF Translational Research, Royal Melbourne
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Melbourne, Melbourne, VIC, Australia, 4Department of Bioinformatics, Division of Cancer Research,
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Aplastic anemia (AA) is a form of bonemarrow failure (BMF) resulting in significant

cytopenias and may progress with clonal evolution to myelodysplastic

syndromes (MDS) and acute myeloid leukemia (AML). MicroRNA expression is

dysregulated in MDS/AML, but there are limited studies on its role in the

pathogenesis of AA. Using stored bone marrow (BM) samples (n=81) from 52

patients collected between 2006 and 2019, we demonstrate key differences in

miRNA expression between AA patients at diagnosis and de novo MDS patients

(n=21). The five most significantly upregulated miRNAs in MDS patients

(downregulated in AA) were miR-130a-3p, miR-221-3p, miR-126-3p, miR-27b-

3p, and miR-196b-5p (adjusted p<0.001). However, at the time of AA clonal

progression to secondary MDS/AML, no significant miRNA-based differences

were identified, suggesting that the underlying mechanistic pathways between

AA progression to MDS/AML and de novoMDS are similar. At diagnosis, miR-127-

3p, miR-1271-5p, miR-301b-5p, miR-3934-5p, andmiR-4531 (adjusted p=0.081)

were upregulated in those whose AA eventually progressed in comparison with

those without eventual clonal progression. Longitudinal molecular mutational

analysis of myeloid genes in AA patients with disease progression revealed the

acquisition of new mutations, mostly at the time of MDS/AML progression, with

four patients developing mutations prior to morphological MDS progression. In

contrast, no myeloid gene mutations were detected at diagnosis or follow-up in

AA patients with no clonal progression. Using KEGG pathway analysis derived

from miRPathDBv2.0, cytokine–cytokine receptor interaction, TGF-b, MAP

kinase, prolactin, Hippo, neurotrophin, and FOXO signaling pathways were

enriched in AA patients with clonal progression to MDS/AML; these pathways
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were similarly enriched in the de novo MDS cohort. These studies highlight the

differing miRNA expression profiles in AA and MDS, in AA clonal evolution to

MDS/AML, and the potential interplay with myeloid gene mutations acquired at

the time of disease progression.
KEYWORDS

microRNA, aplastic anemia (AA), clonal progression, myelodysplastic syndromes (MDS),
bone marrow failure (BMF)
Introduction

Aplastic anemia (AA) is a form of bone marrow failure (BMF)

that presents with significant cytopenias mainly due to the immune-

mediated targeting of the hematopoietic stem cells (HSCs) and/or

progenitor cells that give rise to mature blood cells. It was found

that clonal evolution to myelodysplastic syndromes (MDS) and

acute myeloid leukemia (AML) occurred in 5%–15% of AA patients

over a period of 5 years to 11.3 years (1, 2). With improved

supportive care measures, treatment with immunosuppressive

agents, and allogeneic stem cell transplantation, the overall

survival of severe AA patients has improved over the last few

decades (3); however, the outcomes of those who progress to

MDS/AML remain inferior, and this is likely to be related to the

acquisition of poor-risk karyotypic abnormalities such as

monosomy 7, which is associated with lower post-SCT survival

rates in post-AA MDS patients (4).

MicroRNAs are short non-coding RNA molecules that can

regulate gene expression post transcription and have been

demonstrated to regulate T-cell activation in AA. The

downregulation of miR-126-3p, miR-145-5p, miR-223-3p, and miR-

199a-5p was observed in the CD4+ and CD8+ T cells of AA patients,

with restoration of normal expression after successful

immunosuppressive treatment (IST) (5). MYC and PIK3R2 were

upregulated and shown to be targets of miR-145-5p and 126-3p,

respectively; the knockdown of these two miRNAs resulted in

proliferation and increased IFN-g and granzyme B production in

both CD4+ and CD8+ T cells. In the plasma, three circulating

miRNA biomarkers were found to be dysregulated in AA: miR-150-

5p and miR-146b-5p were elevated, whereas miR-1 was decreased.

These miRNAs could accurately predict the diagnosis of AA, and,

similar to the findings of an earlier study, miRNA levels normalized

following IST at 6 months, with miR-150-5p levels significantly

reduced in responders but not in non-responders (6). Exosomal

microRNAs have also been studied in AA in which levels of miR-

143-3p, miR-324-3p, miR-1180-3p, miR-126-5p, andmiR-382-5pwere

significantly decreased after 6 months of IST; in particular, miR-126-5p

correlated strongly with response to IST, and a higher level of it at

diagnosis was associated with inferior progression-free survival (7).

However, studies of miRNA expression in AA are limited and

further investigation is required to understand the role of miRNAs

in modulating immunity, treatment responses, and disease
02
progression in AA. In this study, we aimed to identify miRNA

biomarkers in the bone marrow (BM) cells of AA patients that

correlate with clinical outcomes, predict clinical outcomes at

diagnosis, and compare the miRNA profiles derived from AA

patients with de novo MDS patients due to the association of

clonal progression to MDS/AML in AA patients. In addition, we

assessed the longitudinal molecular mutation patterns of patients

who developed clonal progression to MDS/AML.
Materials and methods

A total of 86 AA samples from 54 patients were obtained from

2006 to 2019 from stored RMH/PMCC bone marrow (BM) samples

collected as standard-of-care procedures at the Cancer

Collaborative Biobank, Princess Alexandra Hospital (QLD,

Australia). Five samples were excluded from analysis; four due to

their low RNA concentration, and one because it had been collected

from a post-allogeneic stem cell transplant patient. Of the

remaining 81 samples from 52 patients, 33 were collected at

diagnosis and 48 at follow-up (39 were collected post treatment

and nine were collected from untreated patients). For the miRNA

analysis, there were nine patients with paired samples available

from diagnosis and follow-up, 24 patients with diagnostic samples

only, and 19 patients with follow-up samples only (Supplementary

Figure 1A). In the comparator group of de novo untreated MDS

patients, 21 samples were studied—the MDS subtypes were as

follows: RCMD (n=5), RAEB-1 (n=8), RAEB-2 (n=3), RARS-T

(n=1), MDS-U (n=2), and hypoplastic MDS (n=2). There were no

healthy normal controls used. This research project was approved

by the Melbourne Health Human Research and Ethics Committee

(HREC/16/MH/234, project number: 2016.207).
RNA extraction

Total RNA, including miRNA, was isolated from biobanked

Trizol-treated bone marrow samples using the Direct-zol DNA/

RNA mini Prepz kit (Zymo, Irvine, CA, USA) in accordance with

the manufacturer’s instructions. Quantification of the RNA was

conducted using an Agilent 2200 TapeStation System (Santa Clara,

CA, USA).
frontiersin.org
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miRNA profiling

Samples were analyzed using the NanoString nCounter system

with the Human miRNA expression assay v3 (Nanostring, Seattle,

WA, USA) in accordance with the manufacturer’s instructions. Raw

data were analyzed using NanoString nSolver software (Nanostring,

Seattle, WA, USA).
Molecular mutational analysis

Library preparation was carried out utilizing the Fluidigm Access

Array System (Fluidigm, San Francisco, CA, USA). PCR amplification

occurred within an Access Array 48.48 integrated fluidic circuit (IFC).

The DNA input was 50 ng. PCR products were indexed using sample-

specific barcode primers (Fluidigm) as per the manufacturer’s

instructions. Samples were pooled and the resulting library was

purified using the Agencourt AMPure XP system (Beckman

Coulter). Quantification was carried out using a 2200 TapeStation

instrument (Agilent Technologies, Santa Clara, CA, USA). Libraries

were denatured and diluted as per the manufacturer’s instructions. We

conducted 150 base pair paired-end sequencing on an Illumina MiSeq

sequencer (Illumina, San Diego, CA, USA) using MiSeq v2 chemistry.

Sequencing data were de-multiplexed and FASTQ files were generated

using CASSAVA v1.8.2. Reads were assembled and aligned using

Primal (a non-global alignment method based on a modified Smith–

Waterman algorithm developed in house), and variants were called

using VarScan 2 and Canary. Variant call files were analyzed for

variants within the exons of 26 genes as detailed in Supplementary
Frontiers in Hematology 03
Table 1. The assay sensitivity was specific to each individual variant and

at the target read depth (× 1,000) the assay had a general detection limit

of 5%–10%.
Statistical analysis

There were 798 miRNAs (excluding quality control probes) in the

NanoString nCounter Human v3 panel included in the downstream

analysis. Quality control probes (ligation, mRNA housekeeping genes,

positive and negative spike-ins) were used for assessing the sample

quality during preprocessing. The NormFinder (8) and RUV-III (9)

methods were used to find unvarying miRNAs, which showed high

expression and low variation in samples, to serve as "housekeeping"

genes for normalization, namely, hsa-miR-302d-3p and hsa-miR-

548ar-5p. Batch normalization was then conducted using the RUV-

III method, using control replicate samples on each run. The

normalized expression data are shown in Supplementary Table 2.

After the data had been normalized, differential expression analysis was

conducted using the Limma method (10), and p-values were adjusted

for multiple hypothesis testing using the Benjamini–

Hochberg procedure.

The hierarchical clustering based on the miRNA expression of

all samples included in the downstream analysis is shown in an

expression heatmap (Figure 1). Each individual sample is marked in

the columns and the miRNA probe is marked in the rows. Potential

confounding variables such as age, gender, and cell type (blast cell

percentages) were assessed visually using MDS plots and

hierarchical clustering of the miRNA expression levels. We did
FIGURE 1

Hierarchical clustering of miRNA expression from all samples. At the top of the figure, coloured boxes indicate gender (F vs M), age and blast
percentage (categorical values) showing no clustering for these variables.
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not demonstrate any clustering of these variables, indicating that

the potential confounding bias of these variables toward the miRNA

panel was marginal (Supplementary Figures 2A–C).
Results

The clinical and disease characteristics of the AA patients are

summarized in Table 1. The median age at diagnosis for the AA

patients was 39 years (range 8–87 years). Among the 52 patients, 40

received treatment for AA; mostly with anti-thymocyte globulin

(ATG) and cyclosporine (CSA) (n=25), CSA ± prednisolone (n=12)

and ATG alone (n=3). Three patients also received eltrombopag

during the course of their disease, and one patient received

eculizumab. There were 18 responders (six complete responders

(CR) and 12 partial responses (PR)), whereas 20 patients did not

achieve a response (no response (NR)) (two patients’ response

status unknown). Eleven (21%) patients had PNH clones detected at

the time of diagnosis assessed by flow cytometric analysis, and 21

other patients did not (20 patients with unknown PNH status).

During follow-up, 16 patients were tested, of whom four developed

PNH clones later in their disease course (25 other patients were not

tested, therefore their PNH status is unknown).
Frontiers in Hematology 04
Ten patients (19%) had clonal progression to myelodysplasia

(MDS)/acute myeloid leukemia (AML) and/or additional

cytogenetic aberrations/somatic mutation(s) develop during their

disease course, whereas 34 (65%) patients did not (eight patients

with status unknown). At the time of analysis, 28 (54%) patients

were still alive and 21 (40%) were dead (survival status unknown for

three patients). Thirteen (25%) patients proceeded to allogeneic

stem cell transplantation; censoring for patients at time of allograft,

20 (51%) of the 39 patients were still alive, whereas 17 (44%) had

died (survival status unknown in two patients).
MicroRNA expression

(1) MiR-130a-3p is significantly upregulated in de
novo MDS patents (n=21) vs. AA patients at
diagnosis (n=32)

Comparing patients with AA at diagnosis with de novo MDS

patients, there were 153 differentially upregulated (p<0.05) miRNAs

in MDS patients (downregulated in AA patients) with the six most

significantly upregulated miRNAs being miR-130a-3p, miR-221-3p,

miR-126-3p, miR-27b-3p, miR-196b-5p, and let-7e-5p (adjusted

p<0.001) (Figure 2A and Table 2). The significant genes regulated

by these miRNAs are shown in Figure 2B.

Using the miRPathDBv2.0 database (11), KEGG pathway analysis

was conducted to identify the pathways that were significantly enriched

(Supplementary Figure 3A). Focusing on the pathways in which the

largest number of miRNAs were involved, this was expectedly

microRNAs and pathways in cancer, specific cancers (including

colorectal, bladder, and pancreatic cancers) and infections (including

hepatitis B and HTLV-1 infection). Notably, the signaling pathways

that were significantly enriched were the HIF-1, FOXO, cell cycle, p53,

and PI3K-AKT pathways.

(2) AA patients with progression (n=13) and de
novo MDS patients (n=21) demonstrate similar
miRNA profiles

Therewerenosignificantdifferentially expressedmiRNAs identified,

whichwasconsistentwith similarities in themiRNAprofiles betweenAA

patients with progression and de novoMDS patients (Figure 3A).

When comparing AA patients with no progression (n=37) with de

novoMDS patients (n=21), we found that there were 164 miRNAs that

were differentially upregulated (adjusted p<0.05) in MDS patients

(downregulated in AA patients with no progression) with miR-130a-

3p, miR-126-3p, miR-99a-5p, miR-199a-3p+199b-3p, and miR-125b-

5p (adjusted p<0.001) being the top five upregulated miRNAs in the de

novo MDS cohort (Figure 3B and Table 3A). Taking the earliest

samples only from patients with multiple follow-up samples, a

similar miRNA profile was observed (Figure 3C and Table 3B).

(3) MiR-130a-3p was significantly upregulated in
AA patients with progression (treated +
untreated) (n=13) vs. AA patients with no
progression (treated + untreated) (n=37)

Comparing AA patients who progressed with clonal evolution

to MDS/AML with those patients who had no progression, we
TABLE 1 Patient and disease characteristics.

Variable N (%)

Median age at diagnosis, yrs (range) 39 (8-87)

Sex

– Female/ Male 19 (37)/ 33 (63)

PNH clone at diagnosis

– Detected
– Not detected
– Unknown

11 (21)
21 (40)
20 (38)

Clonal progression

– Yes
– No
– Unknown

10 (19)
34 (65)
8 (15)

Treatments received 40 (77)

– CSA+ATG
– CSA± prednisolone
– ATG alone
– Eltrombopag
– Eculizumab

25 (48)
12 (23)
3 (6)
3 (6)
1 (2)

Best responses achieved

– CR
– PR
– NR
– Unknown

6 (15)
12 (30)
20 (50)
2 (5)

Survival

– Alive/Dead
– Unknown

28 (54)/ 21 (40)
3 (6)
ATG, anti-thymocyte globulin; CR, complete response; CSA, cyclosporine; PNH, paroxysmal
nocturnal haemoglobinuria; PR, partial response; NR, no response.
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found that miR-130a-3p (adjusted p=0.05), miR-181c-5p, and miR-

125b-5p (adjusted p=0.0896) were upregulated in patients who had

disease progression (Figure 4A and Table 4A). However, no

downregulated miRNAs were identified.

The KEGG pathway analysis derived from the miRPathDBv2.0

database is shown in Supplementary Figure 3B. We observed that

miR-125b-5p had the highest enrichment across multiple pathways,

including HIF-1 signaling and other specific cancer pathways,

including those for colorectal and endometrial cancers, and that it

was also enriched across other infection, JAK-STAT, prolactin-1,

mTOR, Erb-B, and VEG signaling pathways.

When comparing treated AA patients only, a similarly

upregulated miRNA profile was identified in patients who had

disease progression (Figure 4B and Table 4B). The untreated

patients could not be analyzed separately as none of them

had progression.

(4) MiR-130a-3p was significantly upregulated at
the time of AA progression (n=13) vs. AA at
diagnosis (n=32)

Comparing AA samples at diagnosis with those at the time of

clonal progression, we found that there were no miRNAs that were

significantly upregulated at diagnosis. However, in AA patients,

miR-130a-3p (adjusted p=0.0043), miR-181c-5p (adjusted

p=0.012), miR-27b-3p, and miR-221-3p (adjusted p=0.0273) were

downregulated at diagnosis and upregulated at the time of disease

progression (Figure 5A and Table 5A). Taking only the earliest
Frontiers in Hematology 05
follow-up samples for patients for whom multiple samples were

available and conducting the same comparison, a similar miRNA

profile was observed (Figure 5B and Table 5B). Notably, miR-130a-

3p, miR-27b-3p, and miR-221-3p were also significantly

upregulated in the de novo MDS cohort in comparison with the

AA cohort at diagnosis (comparison number 1), which is consistent

with observations from comparison number 2, in which there were

no significant differentially expressed miRNAs among AA patients

and de novo MDS patients at the time of disease progression.

The KEGG pathway analysis derived from the miRPathDBv2.0

database is shown in Supplementary Figure 3C. Similar pathways

were identified as enriched by significant miRNAs, with greater

enrichment in the cytokine–cytokine receptor interaction, TGF-

beta, MAP kinase, prolactin, Hippo, neurotrophin, and FOXO

signaling pathways.

When comparing the AAs at diagnosis with those in follow-up

samples in which there was no clonal progression (including all

treated and untreated samples), we found that there were no

significant differentially expressed miRNAs.

(5) At diagnosis timepoint for AA: there were no
significant differentially expressed miRNAs that
were predictive of clonal progression (n=3) vs. no
progression (n=21)

To assess if there were any predictive miRNAs at diagnosis

which may portend an inferior outcome with clonal progression to

MDS/AML, the miRNA profiles at diagnosis were compared
TABLE 2 The 6 most significantly downregulated (overexpressed in de novo MDS) miRNA in comparison to AA at diagnosis.

MicroRNA LogFC p-values Adjusted p-values

hsa-miR-130a-3p -2.83 3.342x10e-9 2.667x10e-6

hsa-miR-221-3p -2.04 1.113x10e-8 4.440x10e-6

hsa-miR-126-3p -3.41 1.762x10e-8 4.687x10e-6

hsa-miR-27b-3p -2.00 4.299x10e-8 8.141x10e-6

hsa-miR-196b-5p -1.96 5.101x10e-8 8.141x10e-6

hsa-let-7e-5p -1.45 6.263x10e-8 8.330x10e-6
BA

FIGURE 2

(A) Volcano plots of AA at diagnosis vs de novo MDS showing differential miRNA expression in AA vs MDS patients. (B) Gene interaction network of
AA at diagnosis vs de novo MDS using minimum network graph from mirnet.ca.
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B

C

A

FIGURE 3

(A) Volcano plots of AA progression vs de novo MDS showing no significant differential miRNA expression. (B) Volcano plots of AA no progression vs
de novo MDS showing differential miRNA expression between the two cohorts. (C) Volcano plots of AA no progression vs de novo MDS showing
differential miRNA expression taking the earliest samples only from patients with multiple follow-up samples.
TABLE 3A The 5 most significantly downregulated (overexpressed in de novo MDS) miRNA in comparison to AA no progression.

MicroRNA LogFC p-values Adjusted p-values

hsa-miR-130a-3p -2.71 1.405x10e-7 6.941x10e-5

hsa-miR-126-3p -3.12 2.305x10e-7 6.941x10e-5

hsa-miR-99a-5p -1.47 2.609x10e-7 6.941x10e-5

hsa-miR-199a-3p+hsa-miR-199b-3p -2.41 2.398x10e-6 4.442x10e-4

hsa-miR-125b-5p -1.52 2.783x10e-6 4.442x10e-4

TABLE 3B The 4 most significantly downregulated (overexpressed in de novo MDS) miRNA in comparison to AA no progression taking earliest follow-
up samples only.

MicroRNA* LogFC p-values Adjusted p-values

hsa-let-7e-5p -1.46 8.609x10e-7 2.372x10e-4

hsa-miR-130a-3p -2.62 8.917x10e-7 2.372x10e-4

hsa-miR-126-3p -3.03 1.732x10e-6 3.455x10e-4

hsa-miR-199a-3p+hsa-miR-199b-3p -2.25 8.501x10e-6 1.357x10e-3

*miRNA with logFC > -1.5 (after rounding to 1 decimal point) excluded.
F
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between patients who eventually progressed with those who did not.

MiR-127-3p, miR-1271-5p, miR-301b-5p, miR-3934-5p, and miR-

4531 (adjusted p=0.081) were upregulated in those whose AA

eventually progressed, whereas miR-142-3p, miR-223-3p

(adjusted p=0.081), and miR-15a-5p (adjusted p=0.095) were

downregulated (Figure 6 and Table 6).

The KEGG pathway analysis derived from miRPathDBv2.0 for

the upregulated miRNAs at diagnosis for patients who eventually

developed AA progression to MDS/AML vs. those who did not is

shown in Supplementary Figure 3D. The upregulated miRNAs at

diagnosis enriched the pathways associated with infection, cell
Frontiers in Hematology 07
cycle, cancer, and transcriptional signaling, as described in the

earlier comparisons.

Other comparisons, including samples taken from AA patients

at diagnosis vs. post treatment follow-up samples (treated vs.

untreated), diagnosis vs. response achieved (PR or NR), and post-

treatment samples (PR vs. NR), yielded no significant differentially

expressed miRNAs. There were also no significant miRNA-based

differences observed between patients who presented with PNH at

AA diagnosis and those who did not, or between those who

presented with PNH at AA diagnosis and those who developed

PNH later in the disease course. We could not identify any miRNA-
B

A

FIGURE 4

(A) Volcano plots of AA progression to MDS/AML vs no AA progression showing differential miRNA expression between the two cohorts. (B) Volcano
plots of AA progression to MDS/AML vs no AA progression in treated patients only showing similar miRNA profile to (A).
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based differences between those who achieved responses (CR/PR)

vs. no response. As the treatments were relatively homogeneous—

CSA+ATG (n=25), CSA ± prednisolone (n=12), ATG alone (n=3),

and eltrombopag (n=3)—with overlapping agents used between

treatment groups, we could not stratify treatment type against

miRNA expression.

At diagnosis, there were no miRNAs that were predictive of

survival outcomes (excluding in patients who eventually proceeded

to allograft) and no miRNAs that were predictive of responses (CR/

PR vs. NR). Similarly, post treatment, there were no miRNAs

predictive of responses (CR/PR vs. NR) or any that were

predictive of changing responses from NR to NR vs. from NR to

PR, or of progression to MDS/AML (samples analyzed prior to

progression) vs. no progression.

(6) Longitudinal molecular mutational analysis of
myeloid genes in AA patients shows acquisition
of new mutations in the majority of patients at
time of disease progression

Out of 10 patients with AA clonal progression, mutational

analysis had been carried out for nine at some point during their

disease course. Twenty-six samples were available for analysis (two

PB, 24 BM), with three patients had paired diagnostic and follow-up

samples (Supplementary Figure 1B). The genes assessed in the

myeloid NGS panel are listed in Supplementary Table 1.

The median time from AA diagnosis to clonal progression ±

development of MDS/AML was 4.3 years (range 0.7 years to 17.5

years, n=9, n=1 date of progression unknown). The progression of

mutations for each of these patients is shown in Table 7 and

Supplementary Figure 4. None of the three patients with paired

diagnostic and follow-up samples had any detectable mutations at

diagnosis. Two patients had no mutations detected throughout their

disease course, including at the time of AA progression (patient

number 3), whereas the other (patient number 9) had a persistent

marked reduction in megakaryopoiesis and mild dyserythropoiesis,

but this was still insufficient for a morphological MDS diagnosis to

be made. Patient number 2 acquired a RUNX1 mutation post
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treatment for AA with eltrombopag (they had received CSA and

ATG prior), and then acquired a ASXL1 mutation at the time of

MDS progression.

Among the other patients in whom mutational analysis was not

available at the time of initial diagnosis, the somatic mutations

detected at the time of MDS progression were U2AF1 (n=1),

SETBP1 (n=1), SRSF2 (n=1), WT1 (n=1), and RUNX1 (n=2);

three patients progressed to AML from MDS and two acquired

new mutations, namely IDH1 (n=1) and KRAS (n=1), whereas the

other patient had persistent TET2 (two variants),WT1, and RUNX1

previously detected at the time of MDS progression. Patient number

8 had prior treatment with CSA for AA prior to presentation in

AML progression with six somatic mutations detected—IDH1,

ASXL1, SRSF2, RUNX1 (two variants), TET2 (two variants), and

FLT3-ITD (no diagnostic sample was available for analysis).

For the AA patients with no clonal progression to MDS/AML,

myeloid molecular mutational analysis was conducted on five

patients, with eight samples (7 BM, 1 PB) analyzed. No mutations

were detected at diagnosis (n=3) or at follow-up (n=5).
Discussion

In this study, we observed key differences between the BM

miRNA profiles of AA patients at diagnosis and those of de novo

MDS patients, but at the time of AA clonal progression to MDS/

AML, we could not differentiate between the miRNA profile

patterns secondary MDS/AML arising after AA diagnosis and de

novoMDS. This suggests that the mechanistic pathways involved in

AA progression mirror those that drive de novoMDS pathogenesis.

Consistent with this hypothesis, the top five differentially expressed

miRNAs that were upregulated in the de novo MDS cohort were

miR-130a-3p, miR-221-3p, miR-126-3p, miR-27b-3p, and miR-

196b-5p, and when comparing the miRNA profiles of AA

patients at diagnosis with those at the time of clonal progression

to MDS/AML, we observed similar upregulation of three miRNAs

—miR-130a-3p, miR-27b-3p, and miR-221-3p. The other
TABLE 4A The 3 most significantly upregulated (overexpressed in AA progression) miRNA in comparison to AA no progression (Treated + Untreated).

MicroRNA* LogFC p-values Adjusted p-values

hsa-miR-130a-3p 2.52 6.455x10e-5 5.151x10e-2

hsa-miR-181c-5p 1.52 2.346x10e-4 8.961x10e-2

hsa-miR-125b-5p 1.74 4.605x10e-4 8.961x10e-2

*miRNA with logFC < 1.5 (after rounding to 1 decimal point) excluded.
TABLE 4B The 3 most significantly upregulated (overexpressed in AA progression) miRNA in comparison to AA no progression (Treated).

MicroRNA* LogFC p-values Adjusted p-values

hsa-miR-125b-5p 1.87 5.017x10e-4 1.788x10e-1

hsa-miR-130a-3p 2.33 5.107x10e-4 1.788x10e-1

hsa-miR-181c-5p 1.46 1.144x10e-3 1.825x10e-1

*miRNA with logFC < 1.5 (after rounding to 1 decimal point) excluded.
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upregulated miRNA of significance from the latter comparison was

miR-181c-5p.

MiR-130a-3p was the most significantly upregulated miRNA in

de novoMDS and AA patients with progression in comparison with

AA patients at diagnosis, and also in AA patients with progression

vs. AA patients with no progression. In a study on granulopoiesis, it

was noted that miR-130a-3p was overexpressed in myeloblasts and

promyelocytes in comparison with mature neutrophils, with the

modulation of the TGF-b signaling pathway proposed as a

mechanism for the inhibition of granulocytic precursor

proliferation (12). MiR-130a-3p has been shown to promote the

proliferation, migration, and invasion of cervical cancer cells

through the transfection of cell lines, whereas treatment with a

miR-130a-3p inhibitor reversed these effects, mainly through
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increased apoptosis (13, 14). RUNX3 and DLL1 were identified as

potential target genes of miR-130a-3p. However, in triple-negative

breast and colorectal cancer studies, miR-130a-3p appears to have

an opposite effect by suppressing cell proliferation and migration

through modulation of the Wnt/b–catenin signaling pathway

(15, 16).

MiR-126-3p has been reported to be downregulated in both the

PB CD4+ and CD8+ T cells of AA patients and in the CD8+ T cells

in MDS patients compared with healthy controls, with expression

restored after IST in AA patients. Its role in suppressing the T-cell

regulatory function in AA patients is related to activation of the

PI3K-AKT pathway (5). In our study, we similarly observed the

downregulation of miR-126-3p in unsorted BM cells in the AA

cohort. MiR-196b-5p was downregulated in Fanconi anemia (FA)
B

A

FIGURE 5

(A) Volcano plots of AA diagnosis vs at time of AA clonal progression showing differential miRNA expression between the two cohorts. (B) Volcano
plots of AA diagnosis vs at time of AA clonal progression showing differential miRNA expression taking the earliest samples only from patients with
multiple follow-up samples.
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mesenchymal stem/stromal cells (MSCs) (17), but was found to be

upregulated in higher-risk MDS and secondary AML patients,

resulting in increased proliferation and downregulation in

apoptosis (18). MiR-181c-5p was also downregulated in FA BM-

MSCs (17), which was associated with the reduced expression of

TNF-a,and transfection of BM cells from FA patients with miR-

181c resulted in enhanced clonogenic potential (19). Consistent

with this observation, the miR-181 family (miR-181a-5p, miR-

181b-5p, and miR-181d-5p) was found to be overexpressed in

MDS patients who progressed to AML, with the targeted

pathways involving AKT/mTOR and MAP kinase (20); miR-181a

was also found to repress granulocytic and macrophage-like

differentiation in AML, mediated by the PRKCD-P38-C/EBPa
and cell cycle (RB phosphorylation) pathways, and the

suppression of miR-181a activity through lenti-miRZip-181a

could reverse the leukemic phenotype (21). Both miR-196b-5p

and miR-181a-3p/b-5p/c-5p were downregulated during

hypomethylating agent treatment with azacitidine compared with

the baseline in MDS and AML-MRC patients regardless of

response, miR-199a-3p and miR-126–3p were downregulated in

responders (CR/PR/marrow CR/haematological improvement

(HI)), and miR-27b-3p was downregulated at baseline in patients

who eventually achieved a CR (22, 23). Contrary to what was

observed in this study, plasma miR-221-3p was significantly

reduced in advanced MDS compared with early MDS patients,

potentially due to the different sample source used.

Looking at the key signaling pathways involved in driving de

novoMDS pathogenesis by the largest number of miRNAs involved,

the HIF-1, FOXO, cell cycle, p53, and PI3K-AKT pathways were

significantly enriched in comparison with AA at diagnosis, whereas

the cytokine–cytokine receptor interaction, TGF-b, MAP kinase,

prolactin, Hippo, neurotrophin, and FOXO signaling pathways

were enriched in AA patients with clonal progression to MDS/

AML. These latter pathways (except for the cytokine–cytokine
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receptor interaction) were also enriched in the de novo MDS

cohort, albeit with fewer significant miRNAs involved

(Supplementary Figures 3A, C). Cytokine–cytokine receptor

interactions have been reported as a major pathway enriched in

MDS, with miR-221 similarly identified in this study as a key

miRNA modulating this pathway, in addition to miR-30b and miR-

30e (24). Consistent with this observation, we have previously

reported that the gene expression analysis from BM colony-

forming units of MDS patients that have normalized after four

cycles of treatment, exhibiting the downregulation of cytokine

signaling (25).

Inhibitory cytokines such as TGF-beta contribute to

myelosuppression and ineffective haematopoiesis (26), and also

lead to the constitutive activation of the MAP kinase pathway in

MDS, which in turn regulates apoptotic cell death and the survival

of hematopoietic stem cells and progenitors (27). Interestingly,
TABLE 5A The 4 most significantly downregulated (overexpressed in AA progression) miRNA in comparison to AA at diagnosis.

MicroRNA* LogFC p-values Adjusted p-values

hsa-miR-130a-3p -2.64 5.397x10e-6 4.307x10e-3

hsa-miR-181c-5p -1.52 3.001x10e-5 1.198x10e-2

hsa-miR-27b-3p -1.81 7.492x10e-5 1.718x10e-2

hsa-miR-221-3p -1.68 2.054x10e-4 2.731x10e-2

*miRNA with logFC > -1.5 (after rounding to 1 decimal point) excluded.
TABLE 5B The 4 most significantly downregulated (overexpressed in AA progression) miRNA in comparison to AA at diagnosis taking earliest follow-
up samples only.

MicroRNA* LogFC p-values Adjusted p-values

hsa-miR-130a-3p -2.74 1.929x10e-5 1.540x10e-2

hsa-miR-221-3p -1.83 2.487x10e-4 6.616 x10e-2

hsa-miR-181c-5p -1.46 4.052x10e-4 8.083 x10e-2

hsa-miR-27b-3p -1.79 5.703x10e-4 9.101 x10e-2

*miRNA with logFC > -1.5 (after rounding to 1 decimal point) excluded.
FIGURE 6

Volcano plots at diagnosis timepoint for AA: Clonal progression vs
no progression showing differential miRNA expression between the
two cohorts.
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TABLE 6 At diagnosis timepoint for AA: The 5 most significantly upregulated (overexpressed in AA progression) miRNA and 3 most significantly
downregulated (overexpressed in no AA progression) miRNA.

MicroRNA LogFC p-values Adjusted p-values

hsa-miR-127-3p 1.99 4.719x10e-4 8.114 x10e-2

hsa-miR-1271-5p 2.22 6.324x10e-4 8.114 x10e-2

hsa-miR-301b-5p 1.76 1.219x10e-3 8.114 x10e-2

hsa-miR-3934-5p 1.56 1.354x10e-3 8.114 x10e-2

hsa-miR-4531 2.01 1.609x10e-3 8.114 x10e-2

hsa-miR-142-3p -3.46 6.076x10e-3 8.114 x10e-2

hsa-miR-223-3p -3.80 6.914x10e-3 8.114 x10e-2

hsa-miR-15a-5p -2.52 3.042x10e-2 9.497x10e-2
F
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TABLE 7 Molecular mutational analysis of myeloid genes in AA patients with clonal progression ± development of MDS/AML where indicated in the
respective follow-up samples.

Patient
No

Diagnosis F/up 1 F/up 2 F/up 3 F/up 4 F/up
5

F/up 6

1 (NR) N/A U2AF1 (43)
(MDS – RCMD)

U2AF1 (26)
(MDS – RCMD)

U2AF1 (44)
(MDS –

RCMD)

U2AF1 (57)
IDH1 (27)
(AML-MRC,
CG -Trisomy
8)

2 (PR) Nil Nil
(AA – Post CSA
and ATG)

RUNX1 (63)
(AA – Post-EPAG)

RUNX1 (55)
(PB)

ASXL1 (4)
(MDS – On
EPAG, CG –

normal)

ASXL1
(6)
RUNX1
(78)

ASXL1 (8,4)
(2 variants)
RUNX1 (49)
(MDS-EB2,
CG
-Monosomy
7)

3 (PR) Nil Nil
(AA – Post CSA)

Nil
(MDS, CG -Monosomy 7)

4 (PR) N/A Nil
(MDS,
CG – normal)

5 (NR) N/A SETBP1 (33)
SRSF2 (33)
ASXL1 (8)
(PB)

SETBP1 (50)
SRSF2 (14)
(MDS – RAEB1, CG -idic(17),
trisomies 13 and 19; BM 7 months
earlier – idic(17) only)

6 (NR) N/A TET2 (34)
(AA – Post CSA
and ATG)

TET2 (9, 17)
(2 variants)
WT1 (11)
RUNX1 (25)
(MDS-EB1, no mitoses on CG)

TET2 (16, 30)
(2 variants)
WT1 (20)
RUNX1 (24)
(AML-MRC,
CG
-Monosomy
7)

7 (PR) N/A ASXL1 (39)
(Treated AA, relapse
– Post-rATG +
CSA)

ASXL1 (55)
RUNX1 (33)
(CMML1, CG – Trisomy 21)

ASXL1 (48)
RUNX1 (16)
KRAS (9)
(AML,
CG –

Trisomy 21)

8 (NR) N/A IDH1 (14)
ASXL1 (33)

(Continued)
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these similar pathways were observed in this study as key regulatory

players in driving AA clonal progression to MDS/AML. We have

similarly demonstrated that the MAPK12 gene was upregulated at

MDS diagnosis and downregulated in normal BM colonies after

four cycles of treatment (25). The Hippo signaling pathway

interacts with other growth control and cell proliferation

pathways such as PI3-AKT, TGF-b, RAS-MAP kinase, JAK/

STAT, Notch, and Wnt signaling through YAP (Yes-associated

protein) activation (28), and the downregulation of miR-9 and miR-

550-1 is postulated to contribute to AML pathogenesis through

inhibition of their tumor suppressor functions on the Hippo and

YAP signaling pathways (29, 30). In CML, the downregulation of

miR-181a resulted in the decreased activation of YAP and restored

sensitivity to the tyrosine kinase inhibitor imatinib (31).

Linking these findings with the somatic mutations observed in

the cohort of AA patients with disease progression, their clonal

evolution pattern demonstrated the acquisition of new mutations

mostly at the time of MDS or AML progression with four patients

(patient number 2, patient number 5, patient number 6, and patient

number 7) harboring mutations prior to morphological MDS

progression. We did not observe a consistent rise in VAF in

specific mutations such as ASXL1 and U2AF1, paralleling the

clinical course of disease progression as previously reported (1,

32), although the RUNX1 VAF levels appeared to be stable over

time. The U2AF1 mutation has been shown to promote MDS

disease progression through FOXO3a activation, which results in

pyroptosis through NLRP3-mediated inflammasome activation and

cell cycle arrest through the activation of p21Cip1 and p27Kip1 (33).

MiR-125b upregulation has been implicated in the pathogenesis

of multiple cancers, including MDS and AML, through its BCL2-

and CBFb-mediated downregulation of apoptosis, enhanced

cellular proliferation, and impaired myeloid cell differentiation

(34), and it has been proposed to be a post-transcriptional
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regulator of TET2 (35). MiR-15a-5p, which was downregulated at

diagnosis in our AA cohort who eventually had progression, has

been associated with the spliceosomal mutations SF3B1 and SRSF2,

which may contribute to the progression of MDS (36). In contrast,

miR-127-3p, which belongs to a miRNA cluster on the 14q32 locus,

was upregulated at diagnosis in AA patients with eventual disease

progression, consistent with observations of downregulated

expression in del(5q) MDS post treatment with lenalidomide (37)

and upregulation of 14q32 miRNAs in AML (38). Other miRNAs

thought to be involved in the modulation of ASXL1, TET2, RUNX1,

TP53, and spliceosomal mutations include the let-7 family, miR-

125a, miR-9-5p, and miR-661 (39). Monosomy 7, which occurred

in three patients in our cohort with MDS/AML progression and

portends a poor prognosis, has been studied in the context of AML,

in which RUNX1, ASXL1, NRAS, and TET2 were the most common

recurrently mutated genes (25%–28%), and let-7e was identified as

one of the upregulated miRNAs (40). In our cohort, let-7e-5p was

upregulated in AA patients with MDS progression and in de novo

MDS patients compared with AA patients at diagnosis.

Due to the retrospective nature of our study and sporadic nature

of specimen collection post-treatment, we were unable to

demonstrate significant changes in miRNA profile post treatment

and correlate these to responses. We were also limited in our analysis

in comparing AA samples against healthy controls due to the lack of

sample availability and only ~17% of our cohort having paired

diagnostic and follow-up samples available for comparison.

However, due to the rarity of AA, the collative final patient cohort

and sample size numbers were sufficient to demonstrate key miRNA

changes in the BM of AA and MDS cohorts and shed clarity on AA

patients who developed clonal progression to MDS/AML who had

similar miRNA profiles to de novoMDS patients. Further work needs

to be undertaken to clarify and delineate the underlying mechanistic

pathways involved in clonal progression in AA.
TABLE 7 Continued

Patient
No

Diagnosis F/up 1 F/up 2 F/up 3 F/up 4 F/up
5

F/up 6

SRSF2 (52)
RUNX1 (13)
(2 variants)
TET2 (16)
(2 variants)
FLT3-ITD (AR
0.004)
(Prior AA treated
with CSA –

AML-MRC, CG
-Tetraploid
92XXYY, del (5q))

9 (PR) Nil
(Evolving AA or
hypoplastic MDS,
normal CG)

Nil
(Post-CSA and
EPAG, CG – idic(X)
(q13))

N/A
CG – idic(X)(q13), no new CG
abnormalities
Somatic mutations detected are highlighted in bold and cytogenetic results obtained from the same BM sample have been included where available. The numbers in parentheses after the genes
indicate the variant allele frequency (VAF). Best responses to prior treatment are indicated in parentheses after the patient number (NR, no response; PR, partial response).
AA, aplastic anemia; AML, acute myeloid leukaemia; AML-MRC, AML with myelodysplasia-related changes; ATG, anti-thymocyte globulin; AR, allelic ratio; BM, bone marrow; CG,
cytogenetics; CMML, chronic myelomonocytic leukaemia; CSA, cyclosporine; EPAG, eltrombopag; F/up, Follow-up; MDS, myelodysplastic syndrome; MDS-EB2, MDS with excess blasts-2 (10-
19% blasts in the BM or 5-19% blasts in PB); N/A, not available/ not done; PB, peripheral blood; rATG, rabbit ATG; RCMD, refractory cytopenia with multilineage dysplasia.
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