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Abstract
Fanconi anemia (FA) is a rare genetic disorder characterized by genomic instability, developmental defects, and bone marrow 
(BM) failure. Hematopoietic stem cells (HSCs) in BM interact with the mesenchymal stem/stromal cells (MSCs); and this 
partly sustains the tissue homeostasis. MicroRNAs (miRNAs) can play a critical role during these interactions possibly via 
paracrine mechanisms. This is the first study addressing the miRNA profile of FA BM–MSCs obtained before and after BM 
transplantation (preBMT and postBMT, respectively). Non-coding RNA expression profiling and quality control analyses 
were performed in Donors (n = 13), FA preBMT (n = 11), and FA postBMT (n = 6) BM–MSCs using GeneChip miRNA 2.0 
Array. Six Donor-FA preBMT pairs were used to identify a differentially expressed miRNA expression signature containing 
50 miRNAs, which exhibited a strong correlation with the signature obtained from unpaired samples. Five miRNAs (hsa-
miR-146a-5p, hsa-miR-148b-3p, hsa-miR-187-3p, hsa-miR-196b-5p, and hsa-miR-25-3p) significantly downregulated in 
both the paired and unpaired analyses were used to generate the BM–MSCs’ miRNA—BM mononuclear mRNA networks 
upon integration of a public dataset (GSE16334; studying Donor versus FA samples). Functionally enriched KEGG pathways 
included cellular senescence, miRNAs, and pathways in cancer. Here, we showed that hsa-miR-146a-5p and hsa-miR-874-3p 
were rescued upon BMT (n = 3 triplets). The decrease in miR-146a-5p was also validated using RT-qPCR and emerged as 
a strong candidate as a modulator of BM mRNAs in FA patients.
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Introduction

MicroRNAs (miRNAs) are a class of short non-coding 
RNAs that degrade mRNAs or repress their translation [1]. 
During embryonic development and adulthood, miRNAs 
play key roles in the regulation of various biological and 
physiological processes, including hematopoiesis, immunity, Ilgin Cagnan, Mustafa Keles, Ayse Gokce Keskus and Melike 
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metabolism, apoptosis, and cell cycle, as well as in the dif-
ferentiation and maintenance of tissue identity. Abnormali-
ties in miRNA expression or regulation have been associ-
ated with numerous human disease states, including Fanconi 
anemia [2–5].

Fanconi anemia (FA) is a rare genetic disorder that can be 
caused by mutations in at least 22 different genes encoding 
proteins that play a role in the FANC/BRCA pathway [6, 7]. 
FA proteins mediate the repair of interstrand crosslinks via 
homologous recombination [8], while FA is characterized 
by genomic instability, developmental defects, high cancer 
risk (i.e., acute myeloid leukemia and solid organ tumors), as 
well as bone marrow failure caused by myelodysplastic syn-
drome (MDS) and/or aplastic anemia (AA) [9]. Bone mar-
row transplantation (BMT) is currently the only available 
treatment for the hematopoietic defects seen in FA patients 
[10]. Bone marrow failure due to defective hematopoiesis is 
primarily caused by genetic and environmental alterations, 
but also abnormal interactions between the hematopoietic 
cells and bone marrow mesenchymal stem/stromal cells 
(BM–MSCs) [11].

BM–MSCs are multipotent stem cells and shown to dif-
ferentiate into components (e.g., cells of the osteogenic 
lineage, pericytes, and endothelial cells) of the bone mar-
row microenvironment or niche, which are required for 
functional hematopoiesis [12, 13]. A recent study suggests 
that an abnormal bone marrow niche plays a role in the 
hematopoietic defects seen in FA patients [14]. In Fancc−/−; 
Fancg−/− double knockout mouse models, MSCs are sug-
gested to have defective osteogenic differentiation capac-
ity, as well as decreased hematopoietic supportive activity 
[14]. Therefore, MSCs regulate both hematopoietic stem cell 
(HSC) self-renewal and differentiation in part by paracrine 
action [15]. miRNAs secreted from bone marrow niche cells 
may alter hematopoietic cell function. A study investigat-
ing exosomal miRNAs in severe AA and MDS shows the 
importance of circulating miRNAs for the progression of 
bone marrow failure [16]. Additionally, exosomal miRNAs 
such as miR-125a-3p, miR-146a, miR-21-5p, miR-142-3p, 
miR-223-3p, and miR-126-3p derived from BM–MSCs are 
shown to either modulate inflammation or maturation/dif-
ferentiation of hematopoietic cells such as T lymphocytes 
and dendritic cells [17–19]. The limited studies currently 
available on the role of miRNAs in FA pathogenesis mainly 
focus on miRNA expression in bone marrow mononuclear 
cells (BM–MNCs) [3–5].

MicroRNA (miRNA) expression can change by rep-
licative senescence in BM–MSCs of healthy donors with 
or without chromosomal stability [20, 21]. Therefore, 
we hypothesized that miRNA regulatory networks in FA 
BM–MSCs might be affected by the genomic instability 
or early senescence seen in these patients. In this respect, 
we aimed to comparatively identify the miRNA expression 

profile of in vitro expanded BM–MSCs derived from FA 
patients and donors to decode their relevance in FA pathol-
ogy. To our knowledge, this is the first study that shows how 
miRNA expression profile changes in paired (i.e., related) 
FA and donor samples followed by comparisons made with 
unpaired, as well as postBMT samples. A recent report 
with the largest sibling cohort of FA up to date indicates 
the importance of genotypic and phenotypic data from FA 
siblings and shows a strong correlation between the progres-
sions of hematological manifestations between affected sib-
lings [22]. Therefore, comparing miRNA profiles between 
FA and their related-donor samples may further highlight 
the possible alterations in FA transcriptomes, relatively 
independent of the genotypic background. Additionally, 
our network analyses and RT-qPCR results helped to vali-
date and prioritize hsa-miR146a-5p and revealed candidate 
target–miRNA interaction modules in BM–MSC interac-
tion in FA. Our findings also implicated that bone marrow 
transplantation may restore the expression level of several 
miRNAs dysregulated in FA BM–MSCs.

Materials and methods

Bone marrow‑derived mesenchymal stem/stromal 
cells from Fanconi anemia patients and donors

Cryopreserved bone marrow mononuclear cells (MNCs) 
from FA patients obtained before (pre) and following (post) 
BMT at Hacettepe University Pediatric BMT unit were 
used for isolation of BM–MSCs. The study was approved 
by the Local Ethical Committee (Number 14, 24/08/2009). 
Informed consent was obtained from all individual partici-
pants/their parents included in the study.

Fanconi anemia (FA) patients were diagnosed by clini-
cal manifestations and diepoxybutane (DEB) test (n = 11; 
designated as HUSCS-FA), as described previously [23, 
24]. postBMT BM–MSCs were obtained for HUSCS-FA02, 
HUSCS-FA04, HUSCS-FA06, HUSCS-FA09a, HUSCS-
FA10, and HUSCS-FA11. Healthy donors (n = 13; desig-
nated as HUSCS-D) served as controls. HUSCS-D02, -D03, 
-D04, -D05, -D06, and -D07 were donors of FA patients, 
coded as HUSCS-FA05, -FA06, -FA08, -FA09a, -FA09b, 
and -FA11, respectively. Details of isolation and culture of 
BM–MSCs were described previously [23, 25]. Osteogenic 
and adipogenic in vitro differentiation capacity and immu-
nophenotyping of FA preBMT and Donor BM–MSCs were 
described previously [23, 24]. Representative images show-
ing the differentiation potential and immunophenotypes of 
postBMT BM–MSCs were given in the Online Resource 1. 
All the characterization of BM–MSCs was performed in the 
third passage.
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Total RNA isolation

Total RNA, including small RNAs, was isolated from pas-
sage 3 BM–MSCs using miRNeasy Mini Kit (Qiagen, 
Hilden) and treated with RNase-free DNase Digestion 
(Qiagen) according to the manufacturer’s instruction, as 
described previously. The quantity of RNA samples was 
measured using a NanoDrop ND-1000 (Thermo Fisher 
Scientific, USA) spectrometer. RNA quality was assessed 
using an Agilent 2100 Bioanalyzer (Agilent Technologies 
Ireland Ltd., Cork, Ireland). Total RNA samples had RIN 
(RNA integrity number) values ranging between 7.70 and 
10.0 (Online Resource 2).

RT‑qPCR for differentially expressed miRNA 
confirmation

Total RNAs extracted from Donor (n = 10) and FA preBMT 
(n = 7) BM–MSCs (Online Resource 2) were used for confir-
mation by RT-qPCR for the lead miRNA, hsa-miR146a-5p. 
cDNAs were synthesized from 5 ng RNA samples (final con-
centration = 1 ng/µl) using miRCURY LNA™ Universal RT 
microRNA PCR Starter Kit (Exiqon). qPCR was performed 
by 1/80 dilution of cDNA, miRCury LNA Exiqon primers, 
and SybrGreen mix (Exiqon) using the LightCycler 480 II 
instrument (Roche, USA). PCR conditions were 95 °C for 
10 min followed by 45 cycles of 95 °C for 10 s and 60 °C 
for 1 min. Reactions were studied in duplicates. Cp values of 
hsa-miR146-5p were normalized to internal control miRNA 
hsa-let-7a-5p [26]. Relative gene expression was obtained by 
log transformation of 2−ΔCp, and GraphPad Prism (Version 
8.4.2) was used for analysis.

Non‑coding RNA expression profiling

Global non-coding RNA (ncRNA) expression was assessed 
in Donor (n = 13), FA preBMT (n = 11), and FA postBMT 
(n = 6) BM–MSC samples. Total RNA including small 
RNAs (100 ng) was used to label RNAs with biotin using 
the Genisphere FlashTag HSR kit (Genisphere, Hatfield, 
PA). Subsequently, the samples were loaded to GeneChip 
miRNA 2.0 Array (Applied Biosystems, Thermo Fisher 
Scientific). All experimental services were purchased from 
AY-KA LTD (Ankara, Turkey) and were carried out follow-
ing the manufacturer’s protocol. Affymetrix GeneChip Com-
mand Console (AGCC) was used to determine the intensity 
value for each probe cell and to create a ‘.CEL’ file for each 
sample. The flowchart used for processing CEL files can be 
found in Fig. 1. Quality control analysis (n = 30) and outlier 
detection were performed using NUSE from the affyPLM 
package in R [27]. After further validation via multidimen-
sional scaling analysis (MDS), all detected outliers were 
removed (Fig. 1). CEL files and expression values for all 

three analyses were uploaded to Gene Expression Omnibus 
(GEO Number GSE183227).

Donor–preBMT paired sample analysis

For paired samples, rma normalization and batch correc-
tion between Donor and FA preBMT pairs (n = 6) were 
done using Transcriptome Analysis Console (TAC© 2019, 
Thermo Fisher Scientific, version 4.0.2.15) to remove 
genetic background-related differences as described in 
TAC user manual. Since downstream analyses were based 
on human mature miRNAs, all non-human miRNAs and 
other non-coding RNAs were removed. The principal com-
ponent analysis (PCA) was employed for the visualization 
of the results [28]. Limma analysis after the batch correction 
was performed for identifying the differentially expressed 
miRNAs of FA samples paired with their donors (Fig. 1) 
[29]. In addition, overall average mature human miRNA 
expression values of Donor and FA preBMT groups were 
compared via Student’s t test to check for any global dif-
ference in the expression. FDR adjusted p value < 0.05 and 
abs(logFC) > 0.5 were used as the thresholds for further 
analyses. ComplexHeatmap package was used for clustering 
and plotting the heatmap with default linkage (complete) and 
distance (Euclidian) metrics [30]. Heatmap was annotated 
with the clinical information described in the manuscript by 
Cagnan et al. [24].

Validation set with samples without a pair

Fanconi anemia (FA) or donor samples without a pair were 
normalized using rma from the oligo package [31], and the 
differential gene expression analysis was performed using 
the limma package (Fig. 1) [29]. A Pearson’s correlation 
coefficient was calculated between the logFC values from 
paired samples and those with no pair and reported on the 
plot along with the associated p value. miRNAs that were 
significant in both the paired and unpaired analyses were 
used in miRNA–mRNA network analysis.

Donor–preBMT–postBMT paired sample analysis

The three paired donor–preBMT together with their respec-
tive postBMT transcriptomes were subjected to the rma 
normalization followed by batch correction within each 
triplet using TAC (version 4.0.2.15) (Fig. 1). Differential 
gene expression analysis was performed between matched 
donor–preBMT, donor–postBMT, and preBMT–postBMT 
contrasts using limma. miRNAs with rescued expression 
in postBMT (i.e., significantly downregulated between 
donor–preBMT and preBMT–postBMT and insignificant 
in donor–postBMT) were selected for the network analysis 
(n = 2).
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Analysis of GSE16334 for filtering miRNA targets

Raw CEL files of a public mRNA expression dataset for 
BM–MNCs of 11 Donors and 21 FA patients, GSE16334, 
were downloaded from the GEO database [32]. Differ-
entially expressed mRNAs were determined using TAC 
(© version 4.0.2.15) software. Donors’ and FA patients’ 

expressions were compared using eBayes as the ANOVA 
method. mRNAs with significant adj. p values (FDR p 
value < 0.05) were selected for downstream analyses. 
Significantly differentially expressed mRNA targets of 
the selected miRNAs used to generate miRNA–target 
networks.

Fig. 1   A flowchart depiction of 
the processing pipeline for CEL 
files used in this study (TAC​ 
Transcriptome Analysis Con-
sole; © 2019, Thermo Fisher 
Scientific, version 4.0.2.15)
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Functional analysis of the pathways for predicted 
mRNA targets of the differentially expressed 
miRNAs in Fanconi anemia BM–MSCs

Experimentally validated mRNA targets of the five miRNAs, 
which were significantly downregulated in both the paired 
and unpaired Donor-FA analyses (Fig. 1), were obtained 
from miRnet.ca (miRNet 2.0) [33], using miRTarBase 
(v8.0) and TarBase (v8.0). The targets were filtered down 
to differentially expressed genes found in GSE16334 with 
an FDR p value < 0.05. For differentially expressed genes, 
the probe set with the minimum p value was selected for 
multiple probe sets belonging to the same gene symbol. 
Targets of miRNAs with an absolute logFC ≥ 0.5 were used 
to generate the downregulated miRNA–upregulated mRNA 
networks in Cytoscape (v3.8.2) [34], in which logFC values 
of the genes were used to color the nodes, while the edge 
widths indicated the number of experimental evidence for 
the mRNA targets. Differentially expressed miRNA targets, 
which were targeted by at least two miRNAs, were subjected 
to functional enrichment analysis using the STRING data-
base [35, 36].

For miRNAs with rescued expression in postBMT (n = 2), 
the functional enrichment analysis was performed for gene 
targets that were significantly upregulated in GSE16334 
with an absolute logFC ≥ 0 using the STRING database. To 
simplify the network, miRNA targets were filtered down 
to genes that were significantly upregulated in GSE16334 
with a logFC ≥ 0.5 (FDR p value < 0.05). The downregu-
lated miRNA–upregulated mRNA networks were generated 
in Cytoscape (v3.8.2).

Results

Differentially expressed miRNAs between paired 
Fanconi anemia patients and donors

Initially, the quality assessment of the raw microarray data 
was performed (Online Resource 3). Normalized Unscaled 
Standard Errors (NUSE) analysis revealed six possible outli-
ers. After confirming the outliers through multidimensional 
scaling analysis (MDS), those samples were removed from 
further analysis (Online Resource 2; HUSCS-D13, HUSCS-
D16, HUSCS-FA02 preBMT, HUSCS-FA02 postBMT, 
HUSCS-FA04 postBMT, and HUSCS-FA10 postBMT).

The paired samples with FA preBMT and Donor (n = 6; 
pairs) were initially subjected to batch effect correction 
between paired samples to remove genetic background asso-
ciated differences (Fig. 1). The PCA analysis showed that 
Donor and FA preBMT samples were found in two sepa-
rate clusters (Fig. 2a). Overall comparison of mature human 
miRNA expression values between Donor and FA preBMT 

samples showed no significant global change in the mean 
expression (average log2 expression: Donor = 3.893 versus 
FA = 3.856, p value = 0.7543). After differential gene expres-
sion analysis with limma, we found significant differences in 
the expression levels of 50 miRNAs, i.e., 10 upregulated and 
40 downregulated (Fig. 2b; Online Resource 4).

miRNA–target network analysis of miRNAs 
differentially expressed in paired and unpaired 
samples

Next, we analyzed the samples without pairs as a valida-
tion set complementing the paired analysis. We found a high 
positive correlation between logarithmically transformed 
fold change (logFC) values of the paired and those obtained 
from unpaired FA preBMT samples and independent donors, 
who are either donors of patients carrying other disease or 
donors without a paired FA patient (Fig. 2c; r = 0.55, p 
value = 2.904e−05). Among the 50 differentially expressed 
miRNAs, five (hsa-miR-146a-5p, hsa-miR-148b-3p, hsa-
miR-187-3p, hsa-miR-196b-5p, and hsa-miR-25-3p) were 
significantly downregulated (p value < 0.05) also in samples 
without a pair (Fig. 2c; Online Resource 5).

We further analyzed a public GSE16334 dataset con-
taining mRNA expression data for 11 Donors and 21 FA 
patients to examine the functions of miRNAs that were dys-
regulated in FA BM. We investigated the significantly modu-
lated miRNA targets in FA BM–MNCs using the STRING 
database and Table 1 shows the number of miRNA targets 
obtained from miRNet.ca (Fig. 3a) and those found to be sig-
nificantly dysregulated in the GSE16334 analysis (Fig. 3b). 
Venn diagrams [37] for five miRNA targets and significantly 
dysregulated targets showed that these miRNAs shared com-
mon targets. Common targets of all five miRNAs were TES 
and DICER1. DICER1 was found to be downregulated in FA 
BM–MNCs (logFC = − 0.84, FDR p value ≤ 0.001) (Fig. 3; 
Online Resource 6). We have also identified that targets of 
miR-146a-5p were significantly dysregulated (i.e., overex-
pressed) in BM of FA (Fisher’s exact test; odds ratio = 2.20, 
p value < 0.0001) along with those targets of three of the four 
remaining miRNAs (Online Resource 7).

The miRNA–target network constructed by Cytoscape 
pointed a large number of targets, one of which IFI27 was 
the most highly differentially expressed gene in the network 
(logFC = 4.12, adj. p value ≤ 0.001), (Fig. 4). Upregulated 
genes targeted by at least two of the five downregulated miR-
NAs were used for the functional enrichment via STRING 
database; and our results revealed several KEGG pathways, 
including cellular senescence, microRNAs in cancer, and 
pathways in cancer, as significantly enriched (Table 2). 
WikiPathways analysis also provided several other enriched 
pathways for the miRNA-mRNA network, including TGF-β 
signaling, and senescence and autophagy in cancer (Table 3).
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Fig. 2   Differentially expressed miRNAs in FA BM–MSCs. a Prin-
cipal component analysis (PCA) plot of paired samples colored 
according to Donor–preBMT pair identity. b Heatmap of signifi-
cantly altered miRNAs in paired samples (n = 50; adj. p value < 0.05, 
abs(logFC) > 0.5). Pairs’ logFC values were calculated with the donor 
subtracted from its corresponding preBMT sample for each pair. 

Samples on heatmap were annotated according to the patient charac-
teristics and the color codes were shown on the legend. c Scatterplot 
of logFC values of significantly altered miRNAs between the paired 
samples and unpaired preBMT–Donor comparisons. miRNAs altered 
significantly in both analyses were shown with red. Pearson’s correla-
tion coefficient and the associated p values were reported on the plot

Table 1   Number of targets 
for miRNAs commonly 
downregulated in FA preBMT 
BM-MSCs based on both paired 
and unpaired analyses

Significance of up/downregulation of mRNA targets are based on GSE16334
a FDR < 0.05, blogFC ≥ 0, clogFC < 0

miRNA Total # of targets Targets in 
GSE16334

Significant 
targetsa

Upregulated 
targetsb

Downregu-
lated targetsc

hsa-miR-146a-5p 4469 3178 2378 1385 993
hsa-miR-148b-3p 1831 1469 1094 467 627
hsa-miR-25-3p 1470 1174 904 331 573
hsa-miR-196b-5p 842 673 502 180 322
hsa-miR-187-3p 86 74 54 25 29
hsa-miR-874-3p 350 278 203 91 112
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Donor–preBMT–postBMT triplet analysis revealing 
the reversal of expression for the downregulated 
hsa‑miR‑146a after bone marrow transplantation

Expression levels of Donor–preBMT samples were generally 
maintained even after postBMT, and multiple comparisons 
performed between preBMT–Donor, postBMT–Donor, and 
postBMT–preBMT (Fig. 1; Online Redource 2) revealed 
that preBMT samples were found closer to the cluster con-
taining postBMT samples than the one containing donor 
(Fig. 5a, b). However, expressions of two miRNAs, i.e., 
hsa-miR-146a-5p and hsa-miR-874-3p, were found to be 
rescued after the allogeneic BMT (Fig. 5c). Further analy-
sis on the expression levels of their mRNA targets (Table 1) 
indicated that some common targets of miR-146a-5p and 
miR-874-3p, such as GSPT1, FOXO3, and FOXN3, were 
upregulated in FA samples of GSE16334 (Online Resource 
8). KEGG enrichment results for the upregulated targets of 
miR-146a-5p and miR-874-3p network included MAPK 
signaling pathway, pathways in cancer, PI3K signaling path-
way, and FoxO signaling (Table 4). 

The expression of hsa-miR-146a-5p was then confirmed 
by RT-qPCR using cDNAs obtained from total RNAs of 
Donor (n = 10) and FA preBMT (n = 7) BM–MSCs. Rela-
tive gene expression of hsa-miR-146a-5p, normalized to 
internal control hsa-miR-let-7a-5p, was significantly down-
regulated in FA preBMT samples (logFC = − 2.1; average 
FA − ΔCp = − 12.15 versus Donor − ΔCp = − 10.08, p 
value = 0.040, Student’s t test, Fig. 6).

Discussion

In the present study, we performed non-coding RNA 
expression analysis in BM–MSCs from FA patients and 
healthy individuals using a paired analysis followed by 
validations performed with unpaired Donor and FA 

samples. Our analyses were further enriched by the addi-
tion of postBMT samples to identify miRNAs that could 
be reversed to their donor levels by BMT. In addition, we 
obtained the BM–MSCs miRNA–BM–MNC mRNA target 
network of FA–Donor samples, which were generated for 
the significant lead miRNAs. Among the significant miR-
NAs, we detected miR-146a-5p whose expression was sig-
nificantly downregulated in both the paired and unpaired 
FA–Donor microarray comparisons and RT-qPCR; and 
rescued by BMT.

Herein, the miRNA–mRNA networks generated upon the 
incorporation of the public FA–donor MNC mRNA dataset 
makes the present study unique by identifying a potential 
paracrine cross-talk between MSCs and HSCs. We used a 
stringent analysis pipeline, which identified 50 miRNAs 
[with FDR < 0.05; abs(logFC) > 0.5] based on the expres-
sion analysis of six pairs of FA–Donors; and five (hsa-miR-
146a-5p, hsa-miR-148b-3p, hsa-miR-187-3p, hsa-miR-
196b-5p, and hsa-miR-25-3p) of these 50 were validated 
by unpaired analysis (n = 9). In addition, the expression of 
two (hsa-miR-146a-5p and hsa-miR-874-3p) of these were 
rescued after BMT based on our preBMT–postBMT–donor 
triplet analysis (n = 3).

Functional analysis of common targets of at least two of 
these five miRNAs helped identify enriched pathways in cel-
lular senescence and cancer as well as TGF-β signaling path-
way. Additionally, functional analysis of the miRNA–mRNA 
network consisting of hsa-miR-146a-5p and hsa-miR-874-3p 
revealed that BM mRNAs targeted by the rescued miRNAs 
play roles in important pathways involved in MAPK, PI3K-
Akt, FoxO, and Ras signaling. Indeed, many of these signal-
ing pathways or their components have already been shown 
to be dysregulated in FA cells or associated with FANC pro-
teins [38–40]. In particular, the TGF-β signaling pathway is 
persistently activated in FA, as well as the two main stress 
response signaling pathways, i.e., MAPK and NF-kB that 

Fig. 3   Venn diagrams for the 
common targets of five miR-
NAs. a Venn diagram for the 
total number of miRNA targets 
obtained from miRNet.ca. b 
Venn diagram for the miRNA 
targets that were significantly 
regulated in GSE16334 
(FDR < 0.05)
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are involved in the expression of myelosuppressive cytokines 
such as TNF-alpha [41–43].

Here, we showed that the expression level of hsa-miR-
146a-5p, hsa-miR-148b-3p, hsa-miR-187-3p, hsa-miR-
196b-5p, and hsa-miR-25-3p decreased in BM–MSCs 
derived from FA patients when compared to donor cells. 
These miRNAs exhibited common mRNA targets modulated 
in FA patients, and our newly identified miRNA-mRNA par-
acrine network might explain possible molecular mecha-
nisms underlying the impairments seen in FA BM–MSCs 
[14, 24]. Evidently, hsa-miR-196b-5p, hsa-miR-187-3p and 
hsa-miR-148b-3p have been reported to play critical roles in 

MSC biology, such as regulation of cell cycle in Wharton’s 
jelly umbilical cord stem cells or osteogenic differentiation 
of BM–MSCs and adipose-derived MSCs [44–46]. A recent 
study also has pinpointed the importance of MSC-secreted 
exosomal hsa-miR-25-3p as an anti-apoptotic agent in car-
diomyocytes [47].

Fanconi anemia can lead to hematological disorders, such 
as AA and MDS. Giudice et al. extracted and profiled (via 
qPCR array) miRNAs from peripheral blood exosomes in 
MDS and severe aplastic anemia (SAA) patients [16]. Com-
parison of these results with our findings designated two 
common differentially expressed miRNAs (hsa-miR-25-3p 

Fig. 4   miRNAs commonly downregulated in FA BM-MSCs in 
paired as well as unpaired analyses integrated with FA BM–MNCs 
mRNAs upregulated with a threshold of at least 0.5 (logFC). The 
miRNA–mRNA interaction data obtained from miRnet.ca were used 

in Cytoscape (v3.8.2); and coloring and size of mRNAs indicate 
the degree of upregulation. The edge width indicates the number of 
experimental evidences between the miRNA–mRNA pairs
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and hsa-miR-30e-5p in SAA; hsa-miR-30e-5p in MDS) [16]. 
Further research on the role of these miRNAs may result in 
a better understanding of pathogenesis in SAA or MDS in 
FA patients. A miRNA we identified as downregulated in 
FA BM–MSCs, hsa-miR-181c (current miRBase ID: hsa-
miR-181c-5p) has also been found to be downregulated in 
both fresh peripheral blood MNCs and lymphoblastoid cell 
lines obtained from FA patients [4]; and yet, another differ-
entially expressed miRNA from our study, hsa-miR-574-5p, 
has also been reported to be significantly downregulated in 
FA BM–MNC by Degan et al., who performed a microarray 

analysis on BM–MNCs derived from FA patients and 
healthy donors [3]. Subsequent research concerning these 
findings may further strengthen the role of miRNAs in the 
pathophysiology of FA.

Fanconi anemia (FA) cells are prone to DNA-damage-
induced premature senescence and more importantly, FA 
cells including BM–MSCs have increased senescence 
activity when compared to controls [14, 48]. miRNAs are 
reported to regulate many cellular processes, including cellu-
lar senescence [49]. For example, Kundrotas and colleagues 
report downregulation of hsa-miR-187-3p, hsa-miR-224-5p, 
and hsa-miR-877-5p in the late passage (P6–P7) human 
BM–MSCs compared with early passage cells (P3–P4) [20]. 
Herein, we showed that expression of these three miRNAs 
also decreased in the third passage of FA BM–MSCs when 
compared to healthy individuals, thus supporting a possible 
role for these miRNAs during cellular senescence. Intrigu-
ingly, Pan et al. detected spontaneous transformation of BM 
and liver-derived MSCs with chromosomal number varia-
tions following long-term cultivation, and the expression 
of miR-187, miR-194, and miR-378 (current miRBase IDs: 
hsa-miR-187-3p, hsa-miR-194-5p, and hsa-miR-378a-3p, 
respectively) were upregulated in transformed MSCs com-
pared to parental cells [21]. These results may indicate a 
change in the miRNA profile of genomically unstable MSCs 
to acquire the transformed state. Additionally, we showed 
decreased expression of hsa-miR-224-3p in FA preBMT 
BM–MSCs, although hsa-miR-224-3p expression was 
reported to increase as the passage of human umbilical cord 
or cord blood MSCs increased [50]. However, the difference 
between our results and the findings by Meng et al. may arise 
due to the use of MSCs from different sources.

Here, we also showed that hsa-miR146a-5p expression 
significantly decreased in FA preBMT BM–MSCs and its 
level was recovered to donor levels upon BMT. miR-146a 
(current miRBase ID: miR-146a-5p) has anti-inflammatory 
and tumor suppressor functions, while its mimics show 

Table 2   KEGG pathway enrichment results for genes that are upreg-
ulated and targeted by at least two miRNAs (false discovery rate 
(FDR) < 0.05 and logFC≥ 0.5)

#Term ID Term description Observed 
gene count

FDR

hsa05219 Bladder cancer 8 0.00056
hsa04218 Cellular senescence 12 0.0036
hsa05206 MicroRNAs in cancer 12 0.0044
hsa01522 Endocrine resistance 9 0.0062
hsa05200 Pathways in cancer 21 0.0221
hsa04934 Cushing syndrome 10 0.0285
hsa05131 Shigellosis 12 0.029
hsa04371 Apelin signaling pathway 9 0.0297
hsa05213 Endometrial cancer 6 0.0297
hsa05205 Proteoglycans in cancer 11 0.0299
hsa05202 Transcriptional misregulation in 

cancer
10 0.0352

hsa05224 Breast cancer 9 0.0391
hsa05223 Non-small cell lung cancer 6 0.0477
hsa04390 Hippo signaling pathway 9 0.0478
hsa05100 Bacterial invasion of epithelial 

cells
6 0.0478

hsa05165 Human papillomavirus infection 14 0.0478
hsa05218 Melanoma 6 0.0479

Table 3   WikiPathways 
enrichment results for genes that 
are upregulated and targeted 
by at least two miRNAs (false 
discovery rate (FDR) < 0.05 and 
logFC ≥ 0.5)

#Term ID Term description Observed gene 
count

FDR

WP2828 Bladder cancer 7 0.019
WP236 Adipogenesis 11 0.0193
WP4533 Transcription co-factors SKI and SKIL protein partners 5 0.0193
WP4659 Gastrin signaling pathway 10 0.0193
WP2261 Glioblastoma signaling pathways 8 0.0392
WP366 TGF-beta signaling pathway 10 0.0392
WP615 Senescence and autophagy in cancer 9 0.0392
WP4685 Melanoma 7 0.0427
WP2813 Mammary gland development pathway—embryonic develop-

ment (Stage 1 of 4)
4 0.0444

WP4541 Hippo-Merlin signaling dysregulation 9 0.0472
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therapeutic potential also for inflammatory and myelo-
proliferative disorders [51]. miR-146a has been shown to 
inhibit NF-kB activation by targeting IRAK1 and TRAF6 
[51]. In addition, NF-kB is induced in FA cells [52–54] 
and miR-146a can be stimulated by NF-kB subunit ReLA/
p65 overexpression, indicating a feedback loop [55, 56]. 
NF-kB activation is also involved in senescence-induced 
cytokine response [57] and can induce miR146a expres-
sion in cellular senescence. Moreover, excess miR-146a 
can impair DNA repair via targeting FANCM, a protein 
in FANC/BRCA pathway [55, 56]. Interestingly, a study 
by Moussa Agha et al. showed that hsa-miR-146a was sig-
nificantly upregulated in bone marrow fluid exosomes of 
AML patients compared to the healthy donors [58]. This 
suggests that overexpression of hsa-miR-146a-5p may lead 

to uncontrolled proliferation of HSC progenitors, while its 
downregulation may cause aplasia.

Another important finding of our study was that a large 
proportion (74.8%) of miR-146a-5p targets was modulated 
in the BM–MNC of FA patients. Among these targets, 
interferon-inducible gene 27 (IFI27), emerging as the most 
highly upregulated miR-146a target in FA BM–MNCs, 
is an oncogene highly expressed in myelofibrosis, and a 
well-known indicator of the burn-out phase of chronic 
inflammation leading to clonal evaluation and inefficient 
antitumor response [59]. All this current knowledge sug-
gests that miR-146a dysregulation in FA BM–MSCs may 
be one of the underlying molecular mechanisms leading to 
the propensity of myeloid leukemia. Future studies using 

Fig. 5   Differentially expressed miRNAs in Donor, FA preBMT, and 
FA postBMT paired samples. a Venn diagram of significantly altered 
miRNAs in preBMT–Donor, postBMT–Donor, and postBMT–
preBMT comparisons. b Heatmap representation of miRNAs altered 

in at least one comparison shown in ‘a’ Donor preBMT and post-
BMT status of samples were reported on the heatmap. c The boxplots 
obtained for the two miRNAs rescued, downregulated in preBMT, 
after the bone marrow transplant were labeled with white in part ‘a’
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miR-146a mimics are needed to examine the therapeutic 
role of this miRNA in improving the function of FA cells.

The TGF-β signaling pathway has been identified as a 
major factor involved in the development of bone marrow 

failure in FA; and inhibition of the pathway rescues HSCs 
from genotoxicity via elevating homologous recombina-
tion while decreasing non-homologous end-joining repair 
[43]. A study in umbilical vein endothelial cells shows that 
miR-146a downregulates TGF-β1 and miR-146a inhibi-
tors upregulate TGF-β1, as well as downstream proteins 
including phosphorylation of SMAD2 and PAI-1 [60]. Five 
of the downregulated miRNAs in our study, miR-146a-5p, 
miR-196b-3p, miR-148b-3p, and miR-25-3p (by paired and 
unpaired analysis) and miR-874-3p (only by paired analysis), 
target the TGF-β pathway. Of these, the expression of miR-
146a-5p and miR-874-3p increased to the levels of healthy 
donors by BMT. Dysregulated TGF-β signaling by impaired 
miRNAs seems to be the Achilles’ heel of bone marrow in 
FA. Although upregulation of each of TGFB1, TGFB2, and 
SMAD6 was lower than 0.5-fold (logFC) in FA BM–MNCs, 
there were ten other significantly upregulated genes, with 
higher than 0.5-fold changes (logFC; Table 3), involved in 
the TGF-β signaling pathway; these genes were CCND1, 
TRAP1, THBS1, RBL2, SIK1, PPM1A, SP1, SKI, ITGB1, 
and CDKN1A (GSE16334; [32]), and their upregulation is 
in favor of the aforementioned argument.

Moreover, the network analysis of downregulated tar-
gets has revealed a significant downregulation of DICER1, 
which is the key enzyme involved in dsRNA processing 
of siRNA and miRNA, as one of the common targets of 
the significantly downregulated five miRNAs (hsa-miR-
146a-5p, hsa-miR-196b-5p, hsa-miR-148b-3p, hsa-miR-
25-3p, and hsa-miR-187-3p) in FA BM–MSCs. Due to the 
downregulation of these miRNAs in FA BM–MSCs, one 
might expect upregulation of DICER1 in BM cells. Instead 
and as evidently, an overall increase of mature miRNAs in 
MSCs should be observed after DICER1 upregulation. How-
ever, there was no such bias for upregulated miRNAs in FA. 
Meanwhile, DICER1 in BM–MNCs was significantly down-
regulated with 1.79-fold change in FA (GSE16334). Accord-
ingly, future studies should investigate the amount of change 
in DICER1 in other components of the BM, especially the 
MSCs. However, there could still be multiple explanations 
for our finding. One possibility is that downregulation of 
expression in these miRNAs in BM–MSCs may not have a 
paracrine effect on HSC mRNAs or may exert a more com-
plex regulation at the protein or post-transcriptional levels in 
the MNCs that affect the cross-talk of targets with the dilu-
tion of miRNAs [61], and warrants further study. Our study 
implicates several miRNAs downregulated in BM–MSCs 
as commonly targeting DICER1 gene in support of roles 
of DICER in FA-related phenotypes. For example, Dicer1 
knock-out mice osteoprogenitor (a component of bone mar-
row niche) cells display a MDS and AML-like phenotype 
[62], while DICER1 has also been shown to be downregu-
lated in the BM–MSCs of MDS and AML patients [63]. On 
the other hand, it is upregulated in AML patient’s HSCs as 

Table 4   Top 20 KEGG enrichment results for upregulated targets of 
hsa-miR-146a and hsa-miR-874-3p (false discovery rate (FDR) < 0.05 
and logFC ≥ 0)

#Term ID Term description Observed 
gene 
count

FDR

hsa04010 MAPK signaling pathway 56 6.26E−07
hsa05224 Breast cancer 35 4.21E−06
hsa05200 Pathways in cancer 76 1.52E−05
hsa05205 Proteoglycans in cancer 40 1.52E−05
hsa04015 Rap1 signaling pathway 40 1.82E−05
hsa04151 PI3K-Akt signaling pathway 57 1.82E−05
hsa05226 Gastric cancer 32 2.41E−05
hsa01522 Endocrine resistance 24 8.86E−05
hsa04550 Signaling pathways regulating 

pluripotency of stem cells
30 8.86E−05

hsa05165 Human papillomavirus infection 51 0.00011
hsa04014 Ras signaling pathway 39 0.00023
hsa04068 FoxO signaling pathway 27 0.00023
hsa05218 Melanoma 19 0.00039
hsa04080 Neuroactive ligand–receptor 

interaction
49 0.00048

hsa04360 Axon guidance 32 0.0005
hsa04810 Regulation of actin cytoskeleton 35 0.0008
hsa05215 Prostate cancer 21 0.0012
hsa04510 Focal adhesion 33 0.0013
hsa05219 Bladder cancer 13 0.0013
hsa05223 Non-small cell lung cancer 17 0.0013

Fig. 6   Expression analysis of hsa-miR146a-5p by RT-qPCR in donor 
and FA preBMT BM–MSCs
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well as leukemia cell lines, and silencing of DICER1 sup-
presses leukemia cell proliferation and induces apoptosis 
[64]. Overall, this suggests that tightly controlled optimal 
levels of DICER1 in both HSCs and MSCs may be required 
for maintaining bone marrow homeostasis.

Intriguingly, in our study, hsa-miR-874-3p expression 
was downregulated in FA BM–MSCs and significantly 
reversed to donor levels following the BMT. miR-874-3p is 
shown to target and decrease the expression of C–X–C motif 
chemokine ligand 12 (CXCL12) in HEK293T and N2A 
cell lines [65]. CXCL12, also named as the stromal cell-
derived factor (SDF-1), is an essential chemoattractant for 
HSCs with a critical role in their localization to BM niche; 
and the cross-talk of CXCL12 with TGF-β controls HSCs 
to stay in quiescence or switch to cycling state via PI3K/
Akt pathway downstream effectors FOXO3 and mTOR [66, 
67]. hsa-miR-874-3p downregulation may lead to a possible 
upregulation of CXCL12 in FA BM–MSCs, which remains 
to be validated. Higher CXCL12 levels in turn may provide 
the feedback loop to protect HSC pool to rescue from apla-
sia or perhaps a cause leading to myelodysplasia. Previous 
research shows that CXCL12 is indeed upregulated in MDS 
BM–MSCs and proposed to be related to the hypercellularity 
of bone marrow seen in MDS patients [68]. Other studies 
also report the role of miR-874-3p in regulating the osteo-
genic differentiation of BM stromal cells as well as peri-
odontal ligament stromal cells [69, 70], thus further show-
ing the involvement of miR-874-3p in MSC biology. Future 
studies should focus on deciphering the role of miR-874-3p 
role in this feedback.

In conclusion, here, we compared the global miRNA 
expression in BM–MSCs derived from FA patients and 
those from donors, and showed potential interactions with 
mRNAs from BM–MNCs via generation of a novel parac-
rine miRNA–mRNA network in FA. Our data implicate that 
differences in miRNA expression may have impact on in 
vivo function of BM–MSCs. However, to establish a direct 
cause–effect relationship between the expression and func-
tional contributions of miRNAs in FA BM–MSCs and its 
paracrine environment, further in vitro and in vivo studies 
are required.
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