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Abstract 

Muscleblind like splicing regulators (MBNLs) go v ern v arious RNA-processing steps, including alternativ e splicing, poly aden ylation, RNA sta- 
bility and mRNA intracellular localization. In m y otonic dy stroph y type 1 (DM1), the most common muscular dy stroph y in adults, MBNLs are 
sequestered on toxic RNA containing expanded CUG repeats, which leads to disruption of MBNL-regulated processes and disease features 
of DM1. Herein, we show the significance of MBNLs in regulating microtranscriptome dynamics during the postnatal de v elopment of skeletal 
muscles and in microRNA (miRNA) misregulation observed in mouse models and patients with DM1. We identify multiple miRNAs sensitive to 
MBNL proteins insufficiency and re v eal that many of them were postnatally regulated, which correlates with increases in the activity of these 
proteins during this process. In adult Mbnl1-knockout mice, miRNA expression exhibited an adult-to-newborn shift. We hypothesize that Mbnl1 
deficiency influences miRNA le v els through a combination of mechanisms. First, the absence of Mbnl1 protein results in alterations to the le v els 
of pri-miRNAs. Second, MBNLs affect miRNA biogenesis by regulating the alternative splicing of miRNA primary transcripts. We propose that 
the expression of miR-23b, miR-27b and miR-24-1, produced from the same cluster, depends on the MBNL-sensitive inclusion of alternative 
e x ons containing miRNA sequences. Our findings suggest that MBNL sequestration in DM1 is partially responsible for altered miRNA activity. 
This study provides new insights into the biological roles and functions of MBNL proteins as regulators of miRNA expression in skeletal muscles. 
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uscleblind like splicing regulators (MBNLs) belong to the
amily of tissue-specific RNA binding proteins (RBPs), which
nfluence alternative splicing (AS), alternative polyadenylation
APA), mRNA stability and trafficking ( 1–7 ). In mammals,

BNLs are encoded by three paralogs, MBNL1 , MBNL2 and
BNL3 , and share sequence and structural similarities, in-
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cluding the presence of four zinc fingers (ZnFs), domains cru-
cial for recognition of consensus sequences in pre-mRNA and
mRNA targets that are common to all MBNLs. They differ
in cellular localization, multimerization capacity, affinity to
RNA sequence motifs and AS activity ( 8 ,9 ). The activity of
MBNL paralogs depends on their expression level in specific
tissues and developmental stages ( 2 ,3 ). MBNL1 is involved in
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embryonic stem cell differentiation as well as muscular and
immune system development ( 10–12 ). MBNL2 is mostly ex-
pressed in the brain ( 13 ), whereas the MBNL3 expression level
is low in the majority of adult tissues ( 14 ) but high in the
placenta ( 15 ). 

Myotonic dystrophy type 1 (DM1) is the most common
form of adult muscular dystrophy and results from a CTG re-
peat tract expansion in the 3 

′ untranslated region (3 

′ UTR) of
the dystrophia myotonica protein kinase ( DMPK ) gene ( 16 ).
The disease is characterized by multiorgan dysfunction with
prevalent manifestations within skeletal muscles, the heart,
and the neuronal system. The toxic agent in DM1 is a DMPK
mRNA that contains expanded CUG repeats (CUG 

exp ), inter-
acts with many proteins and is retained in the nucleus, form-
ing RNA foci ( 17 ). The CUG 

exp RNA sequesters MBNL pro-
teins, leading to the disruption of many processes regulated by
these proteins and further to disease-associated phenotypes,
such as myotonia (caused by CLCN1 missplicing, ( 18 ) muscle
weakness and insulin resistance ( 19 ) or cardiac abnormalities,
including fibrosis and conduction anomalies ( 20 ,21 ). Abnor-
malities in AS and APA are the processes best described in DM
( 22 ,23 ); however, some studies have also shown quantitative
changes in microRNAs (miRNAs) ( 24–27 ). 

Similar to that of protein-coding genes, the expression of
miRNAs is regulated at both the transcriptional and posttran-
scriptional levels by multiple RBPs ( 28 ). MiRNA genes are
first transcribed in a manner similar to that of pre-mRNAs
and then go through a series of sequential steps involving two
major endoribonucleases, Drosha and Dicer. The processing of
the primary transcript of miRNA (pri-miRNA) by Drosha in
the nucleus leads to the generation of an ∼60–70 nucleotide-
long precursor, pre-miRNA. Then, in the cytoplasm, Dicer
produces ∼22 nucleotide-long mature miRNAs. The rate of
transcription seems to play a key role in establishing mature
miRNA levels ( 29–31 ). However, recent studies have also re-
vealed multiple posttranscriptional mechanisms that may reg-
ulate miRNA processing in a gene-specific or global manner.
Sequence-specific RBPs can positively or negatively regulate
miRNA processing through binding to a pri-miRNA or to a
pre-miRNA ( 32–40 ). Moreover, global miRNA levels can be
altered by modulating the activity of miRNA core processing
factors ( 41–45 ). 

Transcriptional regulation of miRNA levels is well illus-
trated by miRNAs simultaneously produced from the same
genetic cluster. It is generally assumed that miRNAs located
within a ca. 50 kb sequence are transcribed as polycistronic
pri-miRNAs ( 46 ,47 ). Thus, miRNAs produced from the same
cluster mostly show similar changes in their expression levels
under different conditions ( 48 ). However, it has been demon-
strated that the production of some miRNAs from the same
polycistronic pri-miRNA can be significantly unequal due to
AS, APA or the use of alternative promoters ( 49 ). Selection of
alternative transcription start / termination sites (TSSs / TTSs)
can be used to express distinct sets of miRNAs from a single
genetic cluster and is developmentally regulated by different
signalling pathways ( 50 ). 

Engagement of MBNL proteins in the regulation of miRNA
expression has been reported sparsely; for one miRNA, miR-
1, it has been shown that MBNL1 binding to the termi-
nal loop of its pre-miRNA precursor enhances cleavage by
Dicer ( 51 ). On the other hand, it has been demonstrated that
loss of MBNL1 activity is not responsible for altered expres-
sion of miRNAs in the hearts of DM1 patients and a mouse
model ( 52 ). Nevertheless, comprehensive studies describing 
the involvement of MBNLs in regulating miRNAs in skele- 
tal muscles, major tissues affected in DM, are missing. To ad- 
dress this lack, we have performed deep sequencing of the 
miRNA pool (microtranscriptome) of skeletal muscles of ani- 
mal models with genetic knockout of Mbnl s and in the DM1 

mouse model, HSA -LR, expressing mutant RNA containing 
expanded CUG repeats. We identified miRNAs sensitive to 

MBNL depletion and described the mechanisms underlying 
some changes in microtranscriptome composition via regula- 
tion of pri-miRNA splicing. Finally, we compared these re- 
sults with microtranscriptome data for skeletal muscle biop- 
sies of healthy individuals and DM1 patients and found many 
similarities in miRNA expression changes compared to those 
studied in DM1 mouse models. Moreover, we linked expres- 
sion alterations of MBNLs during postnatal development of 
skeletal muscles with miRNA level changes occurring during 
this process. The results reveal a group of miRNAs potentially 
regulated by MBNLs. Our data are in line with studies identi- 
fying MBNL1 as a critical regulator of muscle differentiation 

through transcriptome-wide control of RNA metabolism. 

Materials and methods 

Genetic construct preparation 

The pEGFP-MBNL-41 expression vector and Atp2a1 ��

splicing minigenes (Atp2a1-BS and Atp2a1- �BS) have 
been previously described ( 53 ,54 ) Atp2a1 ��_wt,
Atp2a1 ��_mir23b_WT and Atp2a1 ��_mir23b_mut 
plasmids were prepared based on a previously described 

protocol ( 53 ,55 ). All of the DNA sequences were purchased 

from oligo.pl® (Institute of Biochemistry and Biophysics 
PAN, Warsaw, Poland). To obtain the DNA sequences of 
interest (mir23b_WT, mir23b_mut), two strands of ss DNA 

were duplexed initially at 95 

◦C for 1 min and at room tem- 
perature for the next 60 min. A fter digestion with respective 
restriction enzymes, the obtained DNA sequences containing 
unique restriction sites for NotI and SalI, were ligated into 

the Atp2a1 � minigene and transformed into DH5 α bacterial 
cells. 

Cell culture and transfection 

MEFs_WT and MEFs _Mbnl1&2KO were gifts from 

Maurice Swanson. HeLa cells (ATCC), MEFs_WT and 

MEFs _Mbnl1&2KO were grown in high-glucose DMEM 

(Lonza) supplemented with 10% fetal bovine serum (FBS) 
(Sigma) and 1x penicillin −streptomycin (Sigma Aldrich).
LHCN-M2 cells (normal human myoblasts) were purchased 

from Evercyte. Myoblast cells were grown in HAM F-10 

medium (Lonza) supplemented with 20% FBS (BioWest),
2 mM l -glutamine, 0.055 μg / ml Dexamethasone (Sigma- 
Aldrich), EGF (Milteny iBiotec), 100 U / ml penicillin and 

100 μg / ml streptomycin (Invitrogen). The cells were grown 

at 37 

◦C in an atmosphere containing 5% CO 2 . Prior to 

transfection, the cells were plated in 6-well or 12-well plates 
and transfected at 50–60% confluence with plasmids us- 
ing Lipofectamine 3000 (Thermo Fisher Scientific) or with 

siRNA or antisense oligonucleotides using Lipofectamine 
RNAiMAX (Thermo Fisher Scientific) according to the 
manufacturer’s protocol. Genes were knocked down with 

siRNAs against MBNL1, MBNL2, DGCR8 and Drosha 
(or siCTRL was administered) at 12.5 nM or 50 nM. The 
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iRNAs used in this study were synthetized by FutureSyn-
hesis (siMBNL1, siMBNL2 and siCTRL) or ordered from
harmacon (SMARTpool siDGCR8, siDrosha and siMbnl2).
he cells were harvested 48 h after transfection. The siRNA
equences are listed in Supplementary Table S10 . For transfec-
ion with genetic constructs, eGFP-MBNL1 and Atp2a1 ��

inigenes, HeLa cells were plated on the appropriate cell
ulture vessels. Cells were transfected 24 h after plating with
enetic constructs at ∼80% confluency. 

ouse tissue collection and RNA extraction 

his study received ethical approval from the National Ethics
ommittee for Animal Testing. All animal procedures and

ndpoints were in accordance with the ARRIVE guidelines,
nd animals were sacrificed in accordance with the National
thics Committee for Animal Testing and Polish guidelines
nd regulations. CO2 inhalation was utilized for euthanasia
n accordance with Directive 2010 / 63 / EU. The mice were
oused under specific pathogen-free conditions in the animal
acility of the Center of Advanced Technologies, Adam Mick-
ewicz University, Poznan, Poland. This is a type of animal
ouse maintained in the SPF category. Muscle tissues from
T, Mbnl1 K O , Mbnl2 K O and HSA -LR mice were gifts from
aurice Swanson. Three (for each time point) C57BL / 6J mice
ere sacrificed at embryonic day 18.5 and postnatal days 1,
, 14 and 90, after which RNA was extracted from skeletal
uscles (quadriceps) in TRI reagent (Sigma) using a bead-
ased homogenizer (TissueLyser II, Qiagen) (2 × 45 s, max
requency) and 1.4-mm and 2.8-mm ceramic beads (Qiagen).
apid RNA purification was performed using a Total RNA
ol-out kit (A&A Biotechnology) including DNase treatment
ccording to the manufacturer’s protocol. 

M1 patient sample characterization 

he RNA samples from muscle tissues of DM1 patients were
rovided by Charles Thornton. The samples were obtained
rom the quadriceps muscles. Subjects with DM1 were ambu-
atory adults with proven CTG expansions, although the pre-
ise number of repeats was not determined. The initial DM1
ample was obtained from a 50-year-old female subject who
xhibited the symptoms at the age of 43. The second sample
as procured from a 44-year-old female subject who mani-

ested the symptoms at the age of 29, and the third sample
as taken from a 55-year-old male subject who displayed the

ymptoms at the age of 47. The non-DM samples were ob-
ained from two females, aged 35 and 52, respectively. 

plicing analyses of mature mRNA 

NA from HeLa cells and MEFs was prepared in TRI reagent
Sigma) and then subjected to rapid purification using a To-
al RNA Zol-out kit (A&A Biotechnology) including DNase
reatment according to the manufacturer’s protocol. Total
NA (1–2 μg) was reverse-transcribed using hexamers and a
ranScriba Kit (A&A Biotechnology) according to the manu-
acturer’s protocol. Splicing analyses of the MBNL1 targets
ere conducted with the primers listed in Supplementary 
able S10 . All PCR experiments were conducted with Go-
aq Flexi DNA polymerase (Promega). PCR products were re-
olved on agarose gels with ethidium bromide (Sigma Aldrich)
nd visualized on a G:BOX (Syngene). Signal analyses were
erformed using GneTools software. To analyze splicing, the
ercent spliced-in (PSI) value and �PSI, which represents the
difference in PSI between the control and tested conditions,
were calculated. The majority of the tested splicing events
were relatively short, which resulted in a reduction in amplifi-
cation bias between splice isoforms with alternative exon in-
clusion or exclusion. 

Analyses of RNA levels 

Total RNA was extracted from cells with TRIzol reagent (In-
vitrogen) according to the manufacturer’s protocol. Comple-
mentary DNA (cDNA) was prepared from 1 μg of total RNA
using a GoScript Reverse Transcription System (Promega).
cDNA equivalent to 10 ng of the initial RNA input was used
as a template for quantitative PCR (qPCR). For miRNA anal-
ysis, cDNA was synthesized in a coupled polyadenylation re-
verse transcription reaction by using 2 μg of total RNA for
1 h at 37 

◦C in RT buffer (10 mM Tris–HCl pH 8.0, 75
mM KCl, 10 mM DTT, 70 mM MgCl2, 20 U RNasin and
2.5 mM of all four deoxynucleoside triphosphates; 0.5 mM
of rATP, and 800 ng of anchored oligo (dT) primer) sup-
plemented with 200 U of Superscript III reverse transcrip-
tase (Invitrogen) and 5 U of Esc heric hia coli poly (A) poly-
merase (PAP, New England Biolabs)). The reactions were heat-
inactivated for 10 min at 85 

◦C. Then, 2 μl of the 9 × di-
luted cDNA template was used for each qPCR with a re-
verse primer complementary to the anchored sequence and a
probe-specific forward primer (600 nM each)( 56 ). RT −qPCR
was performed using Power SYBR Green PCR Master Mix
(Applied Biosystems, USA), and samples were run in techni-
cal triplicates on a 7900HT Fast Real-Time PCR instrument.
The Ct values were normalized against those of the internal
control: GAPDH, U6 or 5S rRNA. Fold differences in expres-
sion levels were calculated according to the 2 

−��Ct method.
The primers are listed in Supplementary Table S9 . Assays to
quantify mature miRNAs were performed using a TaqMan
MicroRNA Reverse Transcription Kit (Applied Biosystems,
Foster City, C A, US A) and an R T-primer containing miRNA-
specific stem −loop primers for miR -1, miR -133a, miR -133b,
miR-206 and U6 (Thermo Fisher assay-IDs: 002222, 002246,
002247, 000510, 000391 and 001973). qPCR was conducted
with Maxima SYBR Green Rox (Thermo Fisher Scientific) on
a QuantStudio 7 Flex instrument (Thermo Fisher). 

Small RNA sequencing and data analysis 

For small RNA sequencing, 200 ng of total RNA was used
to prepare libraries with a NEXTflex Small RNA-Seq Kit
(Bioo Scientific). The sequencing parameters were as follows:
1 × 50 bp, NovaSeq 6000. When analysing miRNA changes
in Mbnl1 K O , Mbnl2 K O and DM1 patients, small RNA-seq
data were subjected to adapter clipping with an in-house
Python script, and redundant reads were removed with a
fastx_collapser tool from the FASTX-Toolkit package ( http:
// hannonlab.cshl.edu/ fastx _ toolkit/ ). The reads in F ASTA for -
mat were then mapped against a set of mouse or human pre-
miRNA sequences obtained from the miRBase 21 database
42 using Megablast from the BLAST package, version 2.2.26
43. It was required that the reads mapped in a sense orien-
tation with no mismatches over the full read length. Then,
using an in-house Python script, miRNA expression levels
were calculated in the following way: raw counts of all reads
mapped to a pre-miRNA sequence in a region occupied by
an annotated mature miRNA ± 2 nt were summed. The raw
expression values served as input for subsequent differential

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
http://hannonlab.cshl.edu/fastx_toolkit/
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expression analysis with DESeq2 using default settings with
a threshold of an adjusted P value < 0.05. To analyze mod-
ifications of small RNA fragments, only adapter-containing
reads with a length of at least 12 nt were kept. Then, the
reads were filtered for quality with fastq_quality_filter from
the FASTX-Toolkit with the criterion that a minimum of 95%
of nucleotides had a Phred quality score of at least 20. Finally,
redundant reads were removed and reads were converted to
the FASTA format with fastx_collapser from the same pack-
age. The processed reads were then mapped against mouse or
human pre-miRNA sequences downloaded from the miRBase
database using Bowtie, with allowance of up to 2 mismatches
(-v 2 option) and a requirement that all found alignments be
reported (-a). Using the mapped read data and known mouse
or human mature miRNA sequences from miRBase, miRNA
modifications were identified with miRMOD ( 57 ) using the
following settings: (i) the read count threshold was set to 2
from a default of 10; (ii) identification of modifications at both
mature miRNA ends was selected; and (iii) both trimming and
nucleotide addition modifications were selected. 

For analyses of miRNA changes in the mouse develop-
mental panel, reads with lengths between 10 and 35 nt
were selected with cutadapt (v1.18) for downstream analy-
sis. Raw reads were aligned to the Mus musculus genome
(GRCm38 downloaded from the Ensembl database) with
Bowtie2 (v2.4.1) ( 58 ). The mapped reads were counted with
featureCounts (v2.0.1)( 59 ) using the Mus musculus miRNA
annotation file from mirBase, release version 22 ( 60 ). The dif-
ferential expression of miRNAs was analyzed with the DE-
Seq2 (v1.30.1) package using the likelihood ratio test (LRT)
(2014, Genome Biology) in R. The miRNA expression pat-
terns in a time course were detected with the DEGreport
(v1.26.0) package in R. To find isoforms of miRNA, size-
selected reads were used. FASTQ files were converted to
FASTA files and collapsed with the fastx-toolkit (v0.0.13)
F ASTQ-to-F ASTA converter and F ASTQ / A Collapser, respec-
tively. The reads were mapped to pre-miRNAs (downloaded
from mirBase, release 22) with Bowtie. Isoforms of miRNA
were identified with miRMOD using aligned reads from the
previous step and a FASTA file with mature miRNA sequences
obtained from miRbase release 22. 

Statistical analysis 

The statistical significance of two independent groups was de-
termined by an unpaired Student’s t -test. The variances across
the means of different groups were compared by ANOVA.; ∗
for P < 0.05, ∗∗ for P < 0.01 and ∗∗∗ for P < 0.001. All quan-
tification of miRNA or gene expression levels was based on
at least three experimental replicas and was performed with
GraphPad Prism 8.3.0 ( https:// www.graphpad.com/ ). The sta-
tistical analysis for linear regression was performed using the
GraphPad Prism 8.3.0 tool. 

Results 

Loss of MBNL1 and MBNL2 in skeletal muscles 

affects the expression of numerous miRNAs 

To assess the global impact of MBNLs on the skeletal mus-
cle microtranscriptome, we first sequenced a small RNA pool
isolated from the quadriceps of 12-week-old mice with Mbnl1
knockout ( Mbnl1 KO) and Mbnl2 knockout ( Mbnl2 KO) and
littermate wild-type mice (WT) (double knockout of Mbnl s is
lethal) ( Mbnl1 dE3 / dE3 mice ( 61 ); Mbnl2 dE2 / dE2 ( 13 ). Plain
miRNA counts were identified from the small RNA-seq in- 
put samples and mapped against all known mouse miRNA 

precursor sequences deposited in miRBase. Over 450 ma- 
ture miRNAs were identified (cutoff of a baseMean > 10; 
the mean of normalized counts of all samples, normalizing 
for a sequencing depth greater than 10), among which 113 

were predicted to be differentially expressed ( P adj < 0.05; 
90 differentially expressed if P adj < 0.01) between WT and 

Mbnl1 KO mice ( Supplementary Table S1 ). Approximately 
equal numbers of miRNAs were up- and downregulated (62 

and 51, respectively), indicating that the regulatory impact of 
Mbnl1 KO on miRNA levels is not limited to activation or in- 
hibition (Figure 1 A). Comparing WT and Mbnl2 K O , we iden- 
tified only 22 differentially expressed miRNAs (Figure 1 A and 

Supplementary Table S2 ). Changes in miRNA levels in the 
muscles of Mbnl1 KO mice were deeper and more abundant 
than those in the Mbnl2 KO mice; however, many miRNAs 
deregulated in the Mbnl2 KO mice were also deregulated in 

the Mbnl1 KO mice (Figure 1 B and Supplementary Table S3 ).
Therefore, we concluded that similar to the case in AS regula- 
tion, MBNL1 plays a prevailing role in miRNA governance in 

skeletal muscles, as its expression is highest among the MBNL 

paralogs in this tissue. Thus, in further studies, we focused on 

miRNAs misregulated in Mbnl1 K O . Interestingly, among the 
most deregulated miRNAs, we found crucial muscle-specific 
miRNAs, including miR-1, miR-206, and miR-486. MiR-206 

was upregulated, and miR-1 was substantially downregulated.
Gene Ontology (GO) analysis ( 62 ) revealed that 113 miR- 
NAs misregulated in Mbnl1 KO mice are associated with cellu- 
lar component organization and cell differentiation, especially 
differentiation of muscle tissue ( Supplementary Figure S1 a).
As many as 97 genes involved in muscle development were 
identified as targets of deregulated miRNAs. Analyzing pre- 
viously published results of microarray-based gene expres- 
sion changes in skeletal muscles of Mbnl1 KO mice ( 63 ), we 
found that the expression of 31 of these genes (40% of 78 

expressed genes) was significantly deregulated ( P adj < 0.05) 
( Supplementary Table S4 ), which indicates the significant ef- 
fect of miRNA dysregulation on gene expression in this animal 
model. 

A similar analysis, using the same pipeline, has been car- 
ried out for the HSA -LR mouse ( Supplementary Table S5 ).
HSA -LR mice express the transgene with 220 CTG repeats 
in the 3 

′ UTR and reproduce some symptoms noticed in pa- 
tients, such as myotonic discharges, myopathy and splicing 
defects. In this model, all MBNL paralogs are sequestered on 

CUG 

exp in nuclear foci, and loss of their function accounts for 
DM-specific missplicing ( 64 ,65 ). Overall, the HSA -LR mouse 
can be regarded, in many ways, as a model for functional 
knockdown of MBNLs. By monitoring miRNA changes in this 
model, we found almost 50% overlap in miRNA changes be- 
tween Mbnl1 KO and HSA -LR mice (Figure 1 B). This value 
increases to 60% when using a cut-off of log2FC > 0.5. Fur- 
thermore, the direction of all miRNA changes in Mbnl1KO 

and HSA -LR mice is the same (significantly changed in both 

models, cut-off of a baseMean > 10) (Figure 1 B). Thus, most 
of the cellular processes perturbed by deregulated miRNAs 
overlap in both mouse models ( Supplementary Figure S1 a). 

Mbnl1 KO mice display overt myotonia and muscle dys- 
trophy beginning at approximately 6 weeks of age. To de- 
termine whether the microtranscriptome changes are spe- 
cific to MBNL1 deficiency or are a consequence of muscle 

https://www.graphpad.com/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
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Figure 1. miRNA expression changes in skeletal muscles of mice with genetic knockout or MBNL1 or MBNL2 insufficiency. ( A ) MA plots indicating the 
dysregulated miRNA species in the muscles of Mbnl 1KO, Mbnl 2KO and HSA- LR mice compared with the control subjects. Statistically significant 
( P adj < 0.05) species are represented by red dots (downregulated miRNAs) and green dots (upregulated miRNAs). ( B ) The upper Venn diagram depicts 
the proportion of differentially expressed miRNAs in mice with loss of Mbnl1 or Mbnl2; half of miRNAs deregulated in Mbnl2 KO mice were also 
deregulated in Mbnl1 KO mice (the only e x ceptions w ere miRNAs that w ere not e xpressed in Mbnl1 KO mice abo v e the cutoff of a baseMean > 10). T he 
lo w er Venn diagram shows the number of miRNAs differentially expressed in Mbnl1 KO and HSA- LR mice. There is a 50% overlap in miRNA changes 
between Mbnl1 KO and HSA- LR mice. The graph shows the correlation of miRNA changes in Mbnl1KO and HSA -LR. The direction of all significant miRNA 

changes is the same in both models. Pearson correlation coefficient ( r ) and P value are indicated. ( C ) Expression changes of miRNAs coming from the 
same pre-miRNA hairpin or from the same genetic cluster (marked with blue lines) based on RNA-seq data. MiRNA candidates that could be regulated 
at the transcript le v el or posttranscriptionally are indicated. ( D ) Schematic la y out of miR-1 / -133a and miR-206 / -133b genetic clusters and differences in 
sequences of miRNAs (marked in red). ( E ) Real-time PCR results for the levels of pri-myomiRNAs and mature myomiRNAs in Mbnl1 KO and HSA- LR 

mice; all data for pri-miRNA are averages from three independent experiments ± SDs normalized to the mRNA level of GAPDH; the data for miRNA 

w ere normaliz ed to the 5S rRNA le v el (* P < 0.05, *** P < 0.001, unpaired t -test). ( F ) R esults of northern blotting of RNA e xtracted from HSA -LR mice 
and WT control animals; quantification of miRNAs is depicted in the graph, and the results were normalized to those of U6 (* P < 0.05, unpaired t -test). 
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pathology (e.g. myotonia or muscle dystrophy), we assessed
whether similar miRNA changes were observed in a mouse
model of facioscapulohumeral muscular dystrophy (FSHD).
FSHD manifests as myotonic disorders resulting from rare ge-
netic mutations affecting skeletal muscle function. We com-
pared publicly available data of miRNA changes in muscles
of the FSHD mouse model based on DUX4 expression ( 66 )
and in Mbnl 1KO mice. As expected, some miRNA changes
were shared between the Mbnl1 KO and FSHD mouse mod-
els (e.g. miR-206). However, the deregulation of some other
miRNAs involved in muscle development, including miR-1,
miR-486 and miR-27b, was not recapitulated in this model
( Supplementary Figure S1 b), suggesting that microtranscrip-
tome changes observed in Mbnl1 KO are not due to impaired
skeletal muscle function per se. 

To estimate whether miRNA changes observed in
Mbnl1 KO depend on transcriptional or posttranscriptional
processes, we analyzed all deregulated miRNAs, accounting
for their origin from either the same miRNA genetic clusters
or the same pre-mRNA (two miRNAs can be produced
from the two arms of pre-miRNA: 5p and 3p) ( 67 ). Most
miRNAs misregulated in Mbnl1 KO mice belonged to miRNA
clusters, of which many members had altered levels in the
same direction (Figure 1 C), which suggested that they were
deregulated at the transcript level. Similarly, concordant
dysregulations were observed for many miRNA pairs, 5p
and 3p, coming from the same pre-miRNA. Based on these
assumptions, we determined that 56 out of 90 differentially
expressed miRNAs were at least partially deregulated at
the transcript level ( Supplementary Table S6 ). On the other
hand, for some muscle-specific miRNAs that belonged to the
same genetic cluster, we did not observe such a correlation.
For example, significant downregulation of muscle-specific
miR-1 ( P adj = 0.0014) was not accompanied by a change in
miR-133a, and upregulation of miR-206 ( P adj = 4.78E–36)
was not followed by a significant increase in miR-133b (Fig-
ure 1 C). To reveal whether these discrepancies were a result
of the use of independent TSSs for each pri-miRNA within
genetic clusters, we examined the levels of pri-miRNAs in the
direct vicinity of each miRNA. There are two polycistron-
ically transcribed pri-miRNA precursors of miR-1 / 133a:
miR-1-1 / 133a-2 and miR-1–2 / 133a-1 (Figure 1 D). We
found that pri-miR-1-1 / 133a-2 was expressed at a much
higher level and that its level was decreased in Mbnl1 KO
mice (Figure 1 E). On the other hand, pri-miR-206 / 133b
was significantly upregulated when measured near one or
the other miRNA. The accordant alterations at the level
of pri-miRNA and subsequent discrepancies at the level
of mature miRNA indicated that (i) pri-miR-1-1 / 133a-2
and pri-miR-206 / 133b are transcribed together, and abnor-
malities in transcription are at least partially responsible for
differences in the levels of mature miRNAs, and (ii) additional
posttranscriptional correction of miR-133a and -133b levels
exists. 

We also confirmed decreased levels of miR-1 and increased
levels of miR-206 but the levels of the pool of miR-133s
in skeletal muscle in HSA -LR, the DM1 mouse model, was
unchanged (Figure 1 E). To check whether the quantitative
changes were not accompanied by different distributions of
the length variants of these miRNAs, we visualized them by
Northern blotting (Figure 1 F). In this model, as in Mbnl1 KO
mice, the levels of pri-miR-1-1 / 133a-2 and pri-miR-206 / 133b
were down- and upregulated, respectively (Figure 1 E). 
Previously, the MBNL-dependent regulation of miR-1 ex- 
pression at the posttranscriptional level was described. It was 
proposed that in the heart MBNL1 binds to the terminal 
loop of the pre-miR-1 hairpin structure and enhances its pro- 
cessing by the ribonuclease DICER ( 51 ). However, the de- 
creases in pri-miR-1-1 in the skeletal muscle of Mbnl1 KO 

and HSA -LR mice observed in this study suggest that re- 
duced levels of mature miR-1 could also be a consequence 
of deregulation at the transcript level. Thus, we decided to 

evaluate whether posttranscriptional deregulation takes place 
upon MBNL deficiency for two miR-1 and miR-133a precur- 
sor variants and miR-206 and miR-133b precursors. We gen- 
erated constructs for overexpression of these miRNA precur- 
sors. To test whether they are directly regulated by MBNLs, we 
delivered them into HeLa cells with or without MBNL1 & 2 

knockdown or to cells overexpressing MBNL1. We did not 
observe any significant differences in the levels of the stud- 
ied miRNAs ( Supplementary Figure S1 c and d, the efficacy 
of MBNL knockdown and overexpression is demonstrated 

in Supplementary Figure S1 e). Therefore, we concluded that 
in HeLa cells, there are no direct, meaningful effects on the 
levels of the studied muscle-specific miRNAs upon MBNL 

knockdown. 

Mbnl1 knockout affects the expression of a subset 
of miRNAs developmentally regulated in skeletal 
muscles 

It is well established that in skeletal muscles, MBNL1 par- 
ticipates in the postnatal remodeling of the transcriptome of 
protein-coding genes ( 12 , 68 , 69 ). Accordingly, Mbnl1 KO mice 
display several molecular and physiological abnormalities in 

this tissue type. To determine how many miRNAs that were 
deregulated in Mbnl1 KO are engaged in muscle development,
we sequenced the microtranscriptomes of mouse quadriceps 
from different developmental stages, postnatal days 1 (P1), 5 

(P5), 14 (P14) and 90 (P90; adults). Differentially expressed 

miRNAs at subsequent time points were visualized by MA 

plots (Figure 2 A). The miRNA expression changes that oc- 
curred between P1 and P5, P5 and P14, and P14 and P90 

were determined. Over time, the number of differentially ex- 
pressed miRNAs increased. Eighty-three miRNAs were found 

to be differentially expressed in both young (P5 and P14) and 

adult mice (P90) compared to newborns (P1) ( P adj < 0.05); 
however, there were many miRNAs that were differentially 
expressed only in a specific temporal window of muscle de- 
velopment (Figure 2 A; Venn diagram). A comparison of miR- 
NAs that were changed in Mbnl1 KO mice and during postna- 
tal development (P90 versus P1) revealed that as many as 90 

out of 104 miRNAs with abnormal levels in Mbnl1 KO mice 
(87%) were regulated during normal postnatal muscle devel- 
opment. The majority of these miRNAs (67 / 90; 75%) were 
negatively correlated for the compared groups and exhibited 

some adult-to-newborn shift in Mbnl1 KO mice (Figure 2 B).
On the other hand, the majority of miRNAs showing differ- 
ential expression in the developmental process were not af- 
fected in Mbnl1 KO mice (88%). We concluded that deficiency 
of MBNL1 resulted in disruption of a small subset of devel- 
opmentally regulated miRNAs. However, based on this com- 
parison, it was not possible to distinguish between miRNA 

changes induced directly by MBNL1 insufficiency and those 
induced by secondary effects caused by impairment of muscle 
development. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
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Figure 2. Comparison of miRNA expression changes during mouse postnatal skeletal muscle de v elopment and in Mbnl1 KO mice. ( A ) MA plots showing 
the predicted differentially expressed miRNAs muscles between P1 and P5 and between P14 and P90. The experiment was performed for the 
quadriceps of WT mice in triplicate. The Venn diagram shows the number of miRNAs whose levels changed in mouse muscles between three different 
time points of postnatal de v elopment. ( B ) Pie chart summarizing changes in de v elopmentally regulated miRNAs in Mbnl1 KO; two Venn diagrams with 
de v elopmentally regulated miRNAs and those regulated in Mbnl1 KO mice are shown ( http:// www.biovenn.nl/ index.php was used to generate the 
diagram). ( C ) Mbnl1 and Mbnl2 gene expression during the development of skeletal muscle ( n = 3) as determined by RT-qPCR expression analyses. All 
data are a v erages from three independent e xperiments ± SDs normalized to the mRNA e xpression of G APDH (* P < 0.05, ** P < 0.01, *** P < 0.001). 
R epresentativ e gels and calculations of RT −PCR analyses of AS events regulated by MBNLs during development. The data represent the mean PSI 
values ± SDs ( n ≥ 3). Statistical significance was calculated in reference to the control (E18.5) using two-way Anova; ns, nonsignificant, ∗ for P < 0.05, 
∗∗ for P < 0.01, ∗∗∗ for P < 0.001. ( D ) Plots showing six clusters of miRNA expression profiles during postnatal development. MiRNAs were classified 
based on the course of their expression changes; the number of miRNAs within the cluster is indicated. In the brackets, the number of miRNAs 
deregulated in Mbnl1 KO mice is depicted. The degPatterns function from the ‘DEGreport’ package was used to determine sets of genes that exhibit 
similar expression patterns across sample groups. ( E ) Correlation between miRNAs that were significantly changed in Mbnl1 KO mice and those that 
were significantly changed during development (P90 versus P1) according to small RNA-seq data. The dot colors indicate the six developmental clusters 
to which the miRNAs belong (classified as in D). The graph shows a negative correlation between miRNA expression changes in Mbnl1 KO mice and 
miRNA expression changes during development. The strength of a linear correlation and its statistical significance were determined by P earson ’s 
correlation coefficient. ( F ) Pattern of expression of selected miRNAs during postnatal development of skeletal muscles. The data are shown for miRNAs 
whose le v els w ere altered significantly during de v elopment but not upon MBNL1 knock out based on RNA-seq e xperiments. 

http://www.biovenn.nl/index.php
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Then, we investigated the correlation between the dynamics
of MBNL1 expression changes and those of miRNA changes
during muscle development, which might further indicate the
dependence of miRNA on MBNL1. Between P1 and P90, we
observed a gradual increase in the level of Mbnl1 mRNA,
while the level of Mbnl2 mRNA increased only between P1
and P5 (Figure 2 C left graph; Supplementary Figure S2 c).
We monitored the postnatal splicing switch for three exons
known to be MBNL1-regulated since it has been demon-
strated previously that in mice, the transition from inclu-
sion to exclusion of MBNL-dependent alternative exons oc-
curs mainly after birth between postnatal days 2 and 16
( 10 ). We found that similar to changes in the Mbnl1 mRNA
level, the inclusion rate of all tested exons changed contin-
uously throughout development (Figure 2 C; right). In the
next step, we analyzed the miRNA-seq data from the post-
natal muscle development panel in the context of MBNL1-
sensitive miRNAs. According to the dynamics of microtran-
scriptome changes, we divided miRNAs into six groups (Fig-
ure 2 D). Assuming that MBNL1-sensitive miRNAs identified
in Mbnl1 KO mice would follow the MBNL1 activity pat-
tern, we concluded that they would be included mostly in
clusters 1 and 2, characterized by gradual increases and de-
creases in miRNA levels, respectively. As many as 36 out of
125 miRNAs from cluster 1 (29%) and 14 out of 143 from
cluster 2 (10%) were misregulated in Mbnl1 KO mice (Fig-
ure 2 D and Supplementary Table S7 ). Notably, the vast ma-
jority of miRNAs that changed upon postnatal muscle de-
velopment were not disrupted in Mbnl1 KO mice (ca. 88%).
Among miRNAs disturbed in Mbnl1 KO mice, we did not
find miRNAs that substantially changed upon muscle devel-
opment, i.e. miR-29a (log2FC = 5.9, P adj = 6.6e-117), miR-
29c (log 2 FC = 6.9, P adj = 1.0e-160), miR-351 (log 2 FC = -
5.7, P adj = 2.3e-51), or, surprisingly, muscle-specific miR-133a
(log2FC = 3.7, P adj = 2.2e-67) and miR-499 (log 2 FC = 6.0,
P adj = 2.2e-07) (Figure 2 E, F). The selectivity of miRNA
changes observed in Mbnl1 KO mice suggested that full devel-
opmental reprogramming of the microtranscriptome did not
occur with a clear transition from the adult pattern to earlier
developmental stages. 

Knowing that MBNLs influence miRNA quantity in the
muscles of adult mice, we decided to examine whether they
also affect microtranscriptome quality by analyzing the dis-
tribution of miRNA sequence variants in Mbnl1 KO mice.
IsomiRs are miRNA isoforms resulting from RNA modifi-
cations mediated by specific enzymes and differing in length
and / or sequence from the canonical forms. Small differences
in the length and sequence of mature miRNAs are responsible
for their specificity, stability and effectiveness ( 70 ). Sequencing
of the microtranscriptome has shown that isomiRs are differ-
entially expressed during development and in various tissues
( 71 ,72 ). To determine potential changes in the distribution of
isomiRs in Mbnl1 KO mice and during muscle development,
we used the miRMod program, which enables identification
of 5 

′ - and 3 

′ -sequence modifications ( 57 ). We did not observe
any global alterations in 3 

′ - or 5 

′ -nucleotide additions or 5 

′ -
trimming between control and Mbnl1 KO muscles; the only
change was a slight increase in 3 

′ -trimming ( Supplementary 
Figure S2 a, b). On the other hand, we observed significant
changes in the distribution of all types of these modifications
between developmental stages, mostly in the second (P14) and
twelfth weeks (P90) ( Supplementary Figure S2 d). The most
prominent were differences in oligouridylation and oligoad-
enylation. Since the oligouridylation decrease is very steep dur- 
ing muscle development (ca. 3-fold), the lack of change in U- 
tailing in Mbnl1 KO mice is another argument in favor of the 
lack of a general adult-to-newborn shift in miRNA expression 

in this mouse model. 

MiRNAs from the miR-23b / 27b / 24-1 genetic cluster 
are dysregulated in DM mouse models 

In further studies, we wanted to look deeper into the poten- 
tial mechanisms of miRNA regulation by MBNLs. Knowing 
that part of the miRNA misregulation in Mbnl1 KO mice can 

be a secondary effect of muscle abnormalities, we identified 

a group of miRNAs whose levels were altered during post- 
natal development and in Mbnl1 KO mice in the same direc- 
tion (Figure 2 E). Among the 16 members of this group, six 

miRNAs belonged to two genetic clusters: miR-23a / 27a / 24- 
2 and miR-23b / 27b / 24-1. MiRNAs produced from the miR- 
23b / 27b / 24-1 cluster were some of the most significantly 
changed in Mbnl1 KO mice and were highly expressed in skele- 
tal muscles. Their sequences were localized in an approxi- 
mately 800 bp fragment of the last intron of the Aopep gene 
in both humans and mice (Figure 3 A). 

Using miRNA-specific RT −qPCR assays, we confirmed 

substantial increases in miR-23b and miR-27b levels in 

Mbnl1 KO mice (Figure 3 B) and showed the same increases 
in HSA -LR mice (Figure 3 C). Moreover, these quantitative 
changes were not accompanied by different distributions of 
length variants of these miRNAs visualized by northern blot- 
ting (Figure 3 D). The simultaneous increases in the levels 
of all three miRNAs from the cluster suggested a transcrip- 
tional mechanism of deregulation in Mbnl1 KO and HSA -LR 

mice. To validate this hypothesis, we analyzed several frag- 
ments of pri-miRNAs 23b / 27b / 24-1. We detected increases 
in the RNA levels of Aopep in regions flanking all three 
miRNA sequences but not in regions that included upstream 

sequences transcribed presumably from TSS1 of Aopep in 

both Mbnl1 KO and HSA- LR mice (Figure 3 E). We concluded 

that the activity of alternative TSSs of Aopep can be a source 
of dysregulation of miR -23b, miR -27b and miR-24 in DM 

mice (Figure 3 E). 

MBNLs regulate AS of the 

miR-23b / miR-27b / miR-24-1 primary transcript 

To gain insight into the mechanism of miR -23b, miR -27b,
and miR-24-1 biogenesis, we first aimed to identify pri- 
miRNA sequences from which these miRNAs are generated.
We designed a few sets of primers that enabled analysis 
of RNA species arising from the host human and mouse 
AOPEP gene and its last intron ( Supplementary Figure 
S3 a, S5 a) using HeLa cells and mouse embryonic fibrob- 
lasts (MEFs), respectively. As transcripts that are primary 
precursors of miRNAs are short-lived due to fast process- 
ing by the DROSHA / DGCR8 microprocessor complex, we 
knocked down members of this complex in the tested cells 
using siRNA. Using this approach, we identified several dif- 
ferent human pri-miRNA variants as substrates for the mi- 
croprocessor. In humans, there were at least five alternatively 
spliced variants produced from two TSSs (TSS2 and TSS3).
The first three consisted of sequences between exons 11 and 

15 of AOPEP (TSS2) and included alternative exons con- 
taining a sequence of either two pre-miRNAs, pre-miR-27b 

and pre-miR-24, or just one, pre-miR-24-1 (Figure 4 A and 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
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Figure 3. Expression changes of miRNAs coming from genetic clusters located within the mouse and human AOPEP genes. ( A ) Schematic gene outline 
based on UCSC genome browser visualization of the mouse (GRCm39 / mm39) and human genomes (GRCh38 / hg38) ( https://genome.ucsc.edu ). In the 
last intron of both Aopep genes, the locations of the miR-23b, miR-27b, and miR-24-1 sequences are indicated. ( B ) Validation of miR-23b and miR-27b 
le v els in Mbnl1 KO and WT animals by RT −qPCR. All data are averages from three independent experiments ± SDs normalized to the levels of U6 (* 
P < 0.05, ** P < 0.01, *** P < 0.001, unpaired t-test). ( C ) The same as in B but for HSA -LR mice. ( D ) Northern blot analysis of total RNA extracted from 

HSA -LR mice and WT control animals and its quantification. This method did not enable discrimination between miR-23a and miR-23b or miR-27a and 
miR-27b but did enable quantification of miRNA isoforms differing in length. The quantification of miRNAs is depicted in the graph, and the results were 
normalized to those of U6 (* P < 0.05, unpaired t -test). ( E ) Quantitative analysis of RNA expression for two regions of the Aopep gene in Mbnl1 KO and 
HSA -LR mice. For both mouse models, the le v el of RNA in the region proximal to the miRNA sequence was elevated ( Aopep RNA from TSS2; amplified 
fragment of e x ons 12 and 13 with the primer pair indicated with y ello w arro ws), while the le v el of RNA f or the distal fragment of A opep , located 
upstream of the potential alternative TSS (TSS2), was not significantly altered in either Mbnl1 KO or HSA -LR mice ( Aopep RNA from TSS1 amplified with 
primers indicated with purple arrows). The data are averages from three independent experiments ± SDs normalized to Gapdh levels (* P < 0.05, ** 
P < 0.01, *** P < 0.001, unpaired t -test). 

https://genome.ucsc.edu
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Figure 4. Pri-miRNAs of miR-23b, miR-27b and miR-24-1 are alternatively spliced and are sensitive to MBNL levels. ( A ) Splicing isoforms of two 
populations of pri-miRNAs produced from two TSSs, TSS2 and TSS3, of the AOPEP gene identified in this study. Exons encoding mRNA isoforms 
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upplementary Figures S3 b,e and S4 ). Two other transcripts
roduced from alternative TSS3 contained sequences of all
hree pre-miRNAs ( Supplementary Figure S3 c). Based on
NA ligase-mediated rapid amplification of cDNA ends

RLM 5 

′ RACE), which amplifies cDNA only from full-length,
apped mRNA, we found that the 5 

′ -end of this second pri-
iRNA was located 529 nucleotides upstream of miR-23b

nd did not overlap with exon 14 of AOPEP ( Supplementary 
igure S3 c). Similar profiles of pri-miRNA sequences were ob-
erved in mouse MEFs ( Supplementary Figure S5 b). We de-
ected four RNA isoforms that lacked consecutive pre-miRNA
equences (Figure 4 A). These observations suggest that in ad-
ition to transcriptional regulation, the expression of miR-
3b, miR-27b and miR-24 can also be modulated by AS. 
In order to ascertain whether any of these AS events is reg-

lated by MBNLs, a comparison was made between the lev-
ls of identified primary miRNA precursors in control HeLa
ells and cells with a knockdown of MBNL1 and MBNL2
MBNL1&2_KD). To detect alternative miRNA exons in
eLa MBNL1&2_KD with primers anchored in constitu-

ive AOPEP exons, it was necessary to simultaneously knock-
own DGCR8. In cells treated with control siRNA, only
wo AOPEP mRNA variants lacking miRNA sequences were
dentified, which exhibited a sensitivity to siMBNL1&2 (in-
lusion of alternative exon 14) ( Supplementary Figure S3 e;
reen bar). However, in cells also treated with siDGCR8,
ore differences were observed. In MBNL1&2_KD cells,

he levels of exons including miR-27b and miR-24-1 were
ignificantly decreased ( Supplementary Figure S3 d and e).
imilar changes were observed in mouse cells (MEFs) with
bnl1&2 KO ( Supplementary Figure S5 c) in the context of

iDrosha ( Supplementary Figure S5 d). 
To confirm results obtained with semiquantitative RT-PCR

nd quantify mRNA isoforms, including miRNA sequences,
n an RT-qPCR assay, primers were designed to span the junc-
ions of the AOPEP exon and the newly identified alternative
iRNA exon (em23b, em27b, em24-1) (Figure 4 C). To elim-

nate bias that can be introduced by increased expression of
OPEP transcript (Figure 4 B), the level of pri-miRNAs were
ormalized to AOPEP TSS2. The results indicated that the
ewly identified pri-miRNA isoforms exhibited MBNL sensi-
ivity. In HeLa MBNL1&2_KD cells (the level of MBNL1 and

BNL2 knockdown is shown in Supplementary Figure S6 a
nd b), the levels of exons including miR -23b, miR -24-1 and
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
e11–e15) and e x ons encoding pri-miRNA isoforms (em24, em27 and em24) are
ith different colors. The locations of the primers used in the experiments are 

ranscripts generated from three alternative TSSs, TSS1, TSS2 and TSS3. All da
ormalised to GAPDH (* P < 0.05, ** P < 0.01, *** P < 0.001, unpaired t-test)
HCN-M2 cells upon siMBNL1&2 treatment. In each assay, the discriminating f
 x on and the alternatively spliced exon with the miRNA sequence (the aforeme
 v erages from three independent experiments ± SDs normalized to AOPEP TS
hanges are biased by whole transcriptional unit expression (* P < 0.05, ** P <
nalyses of the pri-miRNAs in MEF WT and Mbnl1&2 KO cells upon siMBNL1 o
rimer was anchored at the junction of the AOPEP constitutive exon and the al
rimer is presented on the scheme abo v e the graph). All data are a v erages from
xpression in order to eliminate the possibility that observed changes are biase
 < 0.001, unpaired t-test). ( E ) RIP enrichment analysis was performed using an
 T-PCR w as perf ormed f or RNA isolated from inputs and MBNL1 immunopreci

ragments. The positive control in this experiment was mRNA of Nfix, which is
apdh and Cmm2 . ( F ) The alterations in the levels of miR-23b and miR-27b in M

wo graphs. The third and fourth graphs demonstrate the restoration of miR-23
 v ere xpression of GFP-MBNL1 or GFP. The results were estimated by RT −qPC
* P < 0.01, *** P < 0.001, unpaired t -test). 
miR-27b / 24-1 were significantly decreased (Figure 4 B). At the
same time, an increase in mRNA without alternative exons
was observed. We observed also a reduction in mature miR-
23b and miR-24 levels in HeLa cells following MBNL1&2
knockdown in the presence of siDGCR8 ( Supplementary 
Figure S6 c). This is despite the fact that miRNAs are consid-
ered to be relatively stable molecules with long half-lives ( > 20
h) ( 29 ). Subsequently, the experiment was repeated in the hu-
man myoblast cell line LHCN-M2, yielding comparable re-
sults. Furthermore, we observed a decline in the inclusion of
miR -23b, miR -24-1 and miR -27b / 24-1 exons in mouse cells
MEFs WT upon Mbnl1 knockdown (Figure 4 D). 

Since all identified exons with miRNA sequences of the
miR-23b / 27b / 24-1 cluster were regulated by MBNLs, we
looked for MBNL-binding sequence motifs in the last intron
of the AOPEP gene. We found many 5 

′ -YGCY-3 

′ sequence
motifs ( 73 ,74 ) near miR-23b and miR-27b ( Supplementary 
Figure S7 a), and based on our previously published results
of MBNL-specific RIP-seq experiments ( 54 ); available at
MIB.amu.edu.pl), we identified a few MBNL binding site can-
didates that can play a role in AS regulation. To further con-
firm these predictions, we performed RT-PCR on a product
of RNA immunoprecipitation (RIP) performed with an an-
tibody against MBNL1. In this experiment, we used cell ex-
tract from WT MEFs (MEFs_WT) and MEFs obtained from
double- Mbnl1&2 knockout MEFs (MEFs_ Mbnl1&2 KO) as
negative controls. RNA pulldown from WT cell extract re-
sulted in a significantly higher signal from primary tran-
scripts for miR -23b, miR -27b, and miR -24-1 compared to
that from MEF_ Mbnl1&2 KO cell extract (Figure 4 E). To con-
firm direct binding of MBNL1 to selected RNA regions, we
used the previously described Atp2a1 ΔΔ splicing minigene
system, which was designed to enable evaluation of func-
tional MBNL-binding sites within tested RNA sequences ( 53 ).
We inserted the pre-miR-23b fragment containing potential
MBNL-binding sites downstream of the alternative exon of
Atp2a1, which is positively regulated by all MBNL paralogs
( Supplementary Figure S7 b). Cotransfection of the construct
with the MBNL1-overexpression vector resulted in signifi-
cantly higher inclusion of the alternative Atp2a1 exon. In
contrast, the inclusion of the exon was unaffected when the
potential MBNL-binding sequence located in the pre-miR-
23b fragment was mutated ( Supplementary Figure S7 c). In
the final experiment, we investigated whether modification
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
 marked. The locations of the three pre-miRNA sequences are indicated 

indicated with arrows. ( B ) RT −qPCR-based expression analyses of the 
ta are mean values from three independent experiments ± SDs 
. ( C ) RT −qPCR-based expression analyses of the pri-miRNAs in HeLa and 
orward primer was anchored at the junction of the AOPEP constitutive 
ntioned primer is presented on the scheme above the graph). All data are 
S2 mRNA expression in order to eliminate the possibility that observed 
 0.01, *** P < 0.001, unpaired t-test). ( D ) RT −qPCR-based expression 
r eGFE-MBNL1 treatment. In each assay, the discriminating forward 
ternatively spliced exon with the miRNA sequence (the aforementioned 
 three independent experiments ± SDs to AOPEP TSS2 mRNA 

d by whole transcriptional unit expression (* P < 0.05, ** P < 0.01, *** 
 MBNL1-specific antibody on the WT or Mbnl1 & 2 KO (1&2KO) MEFs. 

pitates (RIP-MBNL1) using primers flanking each of the pri-miRNA 

 a target of MBNL1 ( 60 ), and the negative controls were the mRNAs of 
bnl1&2 KO cells in comparison to WT MEFs are presented on the first 

b and miR-27b expression in Mbnl1&2 KO MEFs upon the exogenous 
R. The level of miR-23b was normalized to that of U6 (* P < 0.05, 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
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of the MBNL pool affected the levels of miRNAs generated
from the analyzed genetic cluster. Overexpression of MBNL1
in MEFs_ Mbnl1&2 KO resulted in a significant increase in
the level of pri-miR-23b / -27b / -24-1 (Figure 4 D) and conse-
quently in mature miR-23b and miR-27b (Figure 4 F). 

All these results provide evidence that MBNLs play essen-
tial roles in the regulation of miRNAs from the miR -23b / miR -
27b / miR-24-1 cluster. The mechanism involves positive regu-
lation of AS of exons that include the pre-miRNA sequences
promoting the production of mature miRNAs. 

The insufficiency of MBNLs contributes to 

microtranscriptome deregulation in the muscles of 
DM1 patients 

Considering that MBNL participates in miRNA regulation,
its functional insufficiency should be reflected in the micro-
transcriptome of skeletal muscles of DM1 patients. To profile
the composition and expression of miRNAs, we isolated total
RNA from muscle biopsies of DM1 ( n = 3) and non-DM con-
trols ( n = 2) and performed small RNA-seq according to the
same pipeline as for the mouse microtranscriptome. Among
500 identified miRNAs (cutoff of a baseMean > 10; mean of
normalized counts of all samples, normalizing for a sequenc-
ing depth greater than 10), as many as 86 were changed signif-
icantly ( P adj < 0.05) (Figure 5 A and Supplementary Table S8 ).
Among them, 35 miRNAs were deregulated in both DM1
patients and the Mbnl1 KO mouse model. Importantly, 76%
of these miRNAs deregulated in Mbnl1 KO mice exhibited
changed expression in DM1 in the same direction (Figure
5 B). However, the fold changes were mostly higher in patients
than in the mouse model. A comparison of miRNA changes
in DM1 patients and HSA -LR mice revealed that 30 miR-
NAs were deregulated in both (Figure 5 A). It is noteworthy
that of the 103 miRNAs significantly deregulated in HSA -LR,
60 miRNAs were not detected in DM1 sequencing data with
cutoff of a baseMean > 10; which revealed that 30 (70%)
of the 43 miRNAs that were significantly altered in HSA -LR
and highly expressed in DM1 muscles were also deregulated
in DM1 patients ( Supplementary Figure S7 e). 

As in the two tested DM mouse models, we also ob-
served increases in the levels of miRNAs generated from two
genetic clusters, miR-23a / 27a / 24-2 and miR-23b / 27b / 24-1.
For miR-23b, we validated expression changes at the level of
mature miRNA and its pri-mRNA using an independent set of
DM1 skeletal muscles (Figure 5 C, D). Furthermore, the levels
of two major myomiRs, miR-1 and miR-206, were altered in
the same manner as in Mbnl1 KO and HSA- LR mice, i.e. miR-
1 expression was decreased and miR-206 expression was in-
creased, while the level of miR-133a (generated from the same
genetic clusters as miR-1) was unchanged, and that of miR-
133b (clustered with miR-206) was only marginally upregu-
lated (Figure 5 E). 

To reveal whether miRNA changes are translated to
deregulation of their mRNA targets, we analyzed whole-
transcriptomic data obtained for DM1 muscles, which we
have previously described ( 75 ). First, we identified poten-
tial mRNA targets for several MBNL-dependent miRNAs
using miRTarBase, which contains experimentally validated
miRNA targets (although some miRNA:target interactions
may be indirect or otherwise weak). ( 76 ). On a global scale,
we observed significant downregulation of miR-23 and miR-
24 targets, which was consistent with the upregulation of
these miRNAs in DM1 skeletal muscles. As miR-1 and miR- 
206 have the same seed sequence, they share the majority of 
mRNA targets. We found that this group of endogenous tar- 
gets of both miRNAs was selectively upregulated in DM1.
This indicates a dominant impact of insufficiency of miR-1 

over the increase in miR-206 expression in shaping the DM1 

transcriptome (Figure 5 F). We also looked more globally at 
the effects of microtranscriptome changes on the expression 

of protein-coding genes. We used miRNet version 2.0 to ob- 
tain an integrated picture of gene expression changes in mus- 
cle tissue and the miRNAs that regulate them. The results 
demonstrated that among all miRNAs deregulated in DM1,
miR-1 had the greatest influence on disrupted gene expression 

( Supplementary Figure S7 d). 
Both mouse models that we used are the best-accepted 

models of DM1, and they appear well suited to assessing 
DM1-associated miRNA deregulation. Indeed, we observed 

disruption of the levels of numerous miRNAs in the mus- 
cles of DM1 patients. According to gMicroRNA ENrichment 
TURned NETwork (MIENTURNET) (Licursi V et al BMC 

Bioinformatics. 2019), the deregulated genes in DM1 muscle 
biopsies are predicted targets of over 60 miRNAs. Since miR- 
NAs play critical roles in stress responses, differentiation, pro- 
liferation, and apoptosis in muscle ( 77 ), they might contribute 
to muscle pathobiology in DM1. 

Discussion 

MBNL proteins are well-known regulators of RNA 

metabolism. The functional deficit of MBNLs in DM leads 
to impairment of RNA metabolism, specifically posttran- 
scriptional AS and APA ( 1 ,2 ). In addition to quantitative 
and qualitative disturbances in the expression of hundreds of 
mRNAs, deregulation of miRNA levels is also observed in 

DM1 patients ( 24–26 ,78 ). However, the molecular basis of 
miRNA deregulation has not been explained by previously 
published data, except for that of miR-1. It has been proposed 

that MBNL1 binds within the terminal loop of the hairpin 

structure formed by pre-miR-1 and prevents its uridylation by 
ZCCHC11 (TUT4) driven by Lin28, which promotes Dicer 
processing. We hypothesized that MBNL proteins may also 

affect miRNA levels by regulating the levels and processing 
of primary miRNA precursors (pri-miRNAs). According to 

recent reports, more than half of human and mouse miRNAs 
have intragenic locations ( 68 ). Sixty-five percent of them are 
intronic miRNAs, while exonic miRNAs account for just 
3%, and junction miRNAs account for 2.5% of all miRNAs.
Splicing, as a major event in the processing of RNA Pol II 
transcripts, constitutes the first level of posttranscriptional 
regulation before pre-miRNA cleavage by the micropro- 
cessor. Cotranscriptional AS modifying specific pri-miRNA 

sequences may affect the biogenesis of miRNAs at the level 
of efficiency of pre-miRNA excision. In addition to miRNA 

location, the second factor that can influence miRNA levels, is 
the interaction of proteins with miRNA precursors. MBNLs 
can operate within both regulatory pathways. 

To reveal whether MBNL proteins have an impact on the 
microtranscriptome of skeletal muscles, we analyzed small 
RNA fractions isolated from skeletal muscles of mouse mod- 
els with a deficiency of MBNL1 or MBNL2 as well as in 

HSA- LR, the DM1 mouse model with sequestration of all 
MBNLs. We observed significant deregulation of miRNA lev- 
els in Mbnl1 KO mice, whereas in Mbnl2 KO mice, we detected 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
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Figure 5. Contribution of MBNLs insufficiency to miRNA changes observed in skeletal muscles of DM1 patients. ( A ) The upper Venn diagram shows the 
number of miRNAs whose le v els w ere significantly changed in the muscles of Mbnl1 KO mice and the muscles of DM1 patients (P adj < 0.05, cutoff of a 
baseMean > 10). Note that some of miRNAs misregulated in the mouse model were not detected in patient samples, and vice versa. The lower Venn 
diagram shows the number of miRNAs whose levels were significantly changed in the muscles of HSA-LR mice and the muscles of DM1 patients It is 
note w orth y that of the 103 miRNAs significantly deregulated in HSA -LR, 60 miRNAs were not detected in DM1 sequencing data with cutoff of a 
baseMean > 10. The heatmap represents the miRNA signature of MBNL deficiency. Eighty-six miRNAs significantly deregulated in Mbnl1 KO mice and 
expressed in DM1 samples are shown. Positive Z scores (red) indicate enrichment in upregulated miRNAs, negative scores (blue) indicate enrichment in 
downregulated miRNAs, and scores centered on zero (white) mean minimal difference. ( B ) The graph presents a comparison of miRNA expression 
changes in two sets of experiments: Mbnl1 KO mice vs. patients with DM1. The scatter plots of miRNA log 2 FC expression values were created by 
comparison of the same 35 miRNAs significantly changed in Mbnl1 KO mice (Padj < 0.05) and in muscle biopsies of DM1 patients. P earson ’s r = 0.4493 
(moderate positive); P = 0.0012 (**). ( C ) RT −qPCR measurement of miR-23b levels in the muscles of DM1 patients normalized to those of U6 (* 
P < 0.05). ( D ) Steady-state level of pri-miR23b from the AOPEP cluster evaluated by RT −PCR in healthy controls, DM1 patients and normalized to the 
le v el of GADPH . ( E ) The levels of four myomiRs from three genetic clusters (miR-1-1 / miR-133a-2, miR-1–2 / miR-133a-1, miR-206 / miR-133b) determined 
b y R T −qPCR and normaliz ed to the le v el of U6 (* P < 0.05; ** P < 0.001). ( F ) Cumulativ e distributions of gene e xpression changes e xpressed as log 2 FC 

for all mRNAs (black line) and mRNAs that are targets for miR-23, miR-24, miR-1&-206 (as miR-1 and miR-206 share the same targets), miR-133, and a 
control miR-26 (green lines). The data for the analysis come from the microarray experiment described in ( 75 ). Note that miR-24 and miR-23 targets 
were significantly downregulated, while targets of miR-1 and miR-206 were significantly upregulated, compared to the expression change profile of all 
mRNAs. ( G ) The auto-regulatory MBNL1 / miR-23 loop and the involvement of myomiRs. The scheme combines previously published information and 
results from this manuscript. The numbers above the arrows indicate the publication from which the information is taken: 1) Liu et al. , Proc Natl Acad Sci 
U S A 2007 ( 106 ); 2) Rota et al. , Mol Cancer 2011 ( 107 ); 3) Kalsotra et al. , Genes Dev. 2010 ( 108 ); 4) Chinchilla et al. , Cardio v ascular R esearch 2011 ( 87 ); 5) 
Rau et al. , Nat Struct Mol Biol. 2011 ( 51 ); 6) Cerro-Herreros et al. , Nat. Commun. 2018 ( 90 ). 
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only minor changes. This may indicate that similar to the pre-
dominant splicing activity of MBNL1 over MBNL2 in skele-
tal muscles ( 3 , 54 , 79 ), the same preference exists for miRNA
biogenesis. Moreover, similar changes in miRNA expression
were observed in Mbnl1 KO and HSA- LR mice. Reports on
MBNL1 protein levels during the postnatal development of
mouse muscle have been inconsistent; authors have noted an
Mbnl1 increase ( 80 ) or decrease ( 10 ). Therefore, we decided
to examine Mbnl1 expression in our muscle developmental
panel, and we detected its upregulation at both the mRNA and
protein levels ( 81 ). Analysing the splicing activity of Mbnl1
during postnatal growth of muscle confirmed the increase in
Mbnl1 and the continuous involvement of Mbnl1 in splicing
regulation throughout the examined period of development.
We revealed that MBNL1 is involved in secondary myogen-
esis not only because of splicing and mRNA level regulation
but also because it triggers changes in the miRNA level. 

Mbnl1 KO mice display several muscle abnormalities, in-
cluding overt myotonia beginning at approximately 6 weeks
of age that is caused by abnormal AS of Clcn1 mRNA, an
increase in mislocalized nuclei, and splitting of myofibers. It
is also known that MBNL1 participates in postnatal skele-
tal muscle development ( 12 ,69 ), as its level significantly in-
creases during this process. Therefore, the greatest challenge
in analyzing the factors involved in muscle development is
distinguishing between changes derived directly from factor
deficiency itself and those that are indirect consequences of
impaired or retarded myogenesis. Undoubtedly, the miRNA
deregulation observed in muscle models with MBNL1 defi-
ciency is the effect of both. Nevertheless, in the Mbnl1KO
mice, we did not observe a significant disruption in the lev-
els of developmentally regulated miRNAs (Figure 2 B; right),
making it unlikely that the observed miRNA changes were the
result of development retardation alone. Notably, adult WT
mice and Mbnl1 KO mice were age matched ( ∼12 weeks old).
The different stabilities of individual miRNAs could explain
the selectivity of the observed alterations; however, we belive
that depletion of MBNLs specifically impacts a subset of miR-
NAs involved in muscle development, leaving the remaining
developmentally related miRNAs unaffected. Another argu-
ment in favor of MBNL1-triggered miRNA changes was that
Mbnl1 KO mice lack isomiR disturbances, including profound
decreases in uridylation and adenylation ( Supplementary 
Figure S2 a). We revealed that significant changes in miRNA
variant levels occurred during postnatal muscle remodeling
( Supplementary Figure S2 d); thus, muscle growth retarda-
tion would have resulted in isomiR composition alterations in
Mbnl1 KO mice. The abundance of isomiRs varies between cell
types ( 82 ) and during cell transitions ( 83 ,84 ); however, there
are no reports characterizing the dynamics of miRNA modifi-
cation during tissue development. Our data indicate that mus-
cle differentiation is linked to vast changes in miRNA vari-
ant distribution, but further studies are needed to extend our
findings using improved miRNA tail-seq methods and a wider
range of myogenesis stages in order to reveal the importance
of miRNA modifications for muscle differentiation. 

MyomiRs are a subset of miRNAs shown to be muscle-
enriched that play key roles in myogenesis and muscle func-
tion ( 85 ). In muscle microtranscriptome analyses, their lev-
els inevitably draw attention. Interestingly, only a decrease
in miR-1 expression and an increase in miR-206 expression
were observed in Mbnl1 KO mice. Neither the level of miR-

133a clustered with miR-1 nor the level of miR-133b clustered 
with miR-206 was altered. MiR-1 and miR-133a are supposed 

to be derived from the same pri-miRNA polycistronic tran- 
script ( 86 ). Physiologically, throughout the early postnatal pe- 
riod and mouse adolescence, the endogenous levels of miR-1 

and miR-133a increase significantly before reaching a plateau 

in the adult muscles ( 87 ). However, some reports have sug- 
gested that miR-1 can also be regulated independently from 

miR -133a ( 51 , 88 ). Previously, it has been shown that MBNL1 

directly regulates the excision of the miR-1 duplex from its 
pre-miRNA; however, our data also indicated that miR-1 and 

miR-206 change at the transcript level, with clear pri-miRNA 

level alterations in two MBNL1-deficient mouse models (Fig- 
ure 1 E and F) and in DM1 patients (Figure 5 ). What remains 
to be explained in future studies is how miR-133a and miR- 
133b expression is autonomously controlled in these condi- 
tions, as the pri-miRNA level changes were not followed by 
alterations in mature miRNA-133a or -133b levels. 

We also demonstrated that miR -23b, miR -27b, and miR -24,
which belong to the same genetic cluster, were among the most 
significantly and consistently changed in the muscles of mouse 
models with MBNL deficiency ( Mbnl1 KO and HSA- LR).
They were particularly interesting to us since their changes 
could not be attributed to muscle development-dependent re- 
tardation. Previous studies have shown that members of the 
miR-23b / -27b / -24-1 cluster play important roles during car- 
diac and skeletal muscle development by controlling some cru- 
cial muscle drivers, including Mef2c ( 89 ) and Pax3 ( 90 ). Fur- 
thermore, miR-23b has been described as a direct repressor of 
MBNL1 and MBNL2 ( 91–93 ), which might imply the exis- 
tence of a regulatory feedback loop (Figure 5 G). Our study 
showed that MBNL1 is involved directly in the regulation 

of miR-23b levels through several lines of evidence. First, the 
knockdown of MBNL1 resulted in a decrease in the pri-miR- 
23b level and significant changes in the AS pattern of this 
precursor, leading to deletion of the pre-miR-23b-containing 
sequence (Figure 4 B). Second, overexpression of MBNL1 in 

MEF_ Mbnl1&2 KO cells resulted in a significant increase in 

miR-23b (Figure 4 F). Third, a direct interaction between the 
pri-miR-23b fragment and MBNL1 was confirmed in RIP 

experiments and using an MBNL-sensitive splicing minigene 
containing the miR-23b flanking region with MBNL-binding 
sites (Figure 4 E and Supplementary Figure S7 c). 

The regulation mechanism of miRNA biogenesis from the 
miR-23b / -27b / -24-1 cluster seemed to be complex. We could 

not determine whether three miRNAs (miR -23b, miR -27b 

and miR-24-1) could be generated from the same pri-miR- 
23b / 27b / 24-1 molecule or whether two miRNAs (miR-27b 

and miR-24-1) could arise from pri-miR-27b / 24-1. If only one 
pre-miRNA could be cut out from a single primary transcript,
the elimination of individual pre-miRNA sequences from pri- 
mRNA would provide an intriguing mechanism that controls 
miRNA biogenesis. Cutting out the introns with pre-miRNA 

sequences would result in several different pri-miRNA iso- 
forms (Figure 4 A), from which one, two, or all three pre- 
miRNAs could be generated by the microprocessor. In fact, it 
was shown that from the miR-23a / 27a / 24-2 cluster the most 
miR-24 was produced when construct included only miR- 
24 sequence, less when the miR-27a / 24 construct was used 

and the least was generated from the miR-23a / 27a / 24 con- 
struct ( 94 ). Splicing-dependent regulation of intronic clusters 
has been previously reported in several publications. Melamed 

et al. found that a splicing event not only splits the miRNA 

cluster (miR -541, miR -409, miR -412 and miR -369) but also 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae774#supplementary-data
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pecifically hinders the processing of miR-412 ( 95 ). In addi-
ion, splice isoforms that do not belong to the host gene iso-
orms have been shown to be produced exclusively to uncou-
le cluster miRNA expression ( 96–98 ). However, elucidation
f miR -23b, miR -27b and miR -24 generation was beyond the
cope of this work, so further studies are necessary to under-
tand the process. 

Notwithstanding the foregoing, the splicing mechanism
eemed to overlap with the regulation of Aopep expression.
ince all four detected mouse pri-miRNA isoforms consisted
f Aopep exons plus additional exons with miRNA sequences,
t was assumed that their expression changed along with the
opep transcript level and that the final amounts of miRNAs
enerated from the miR-23b / -27b / -24-1 cluster depended
oth on the transcription rate of pri-miRNAs and their AS
egulated by MBNL1. Additionally, TSSs (TSS1, TSS2 and
SS3) could be used to express distinct Aopep RNA iso-

orms. Indeed, in Mbnl1 KO and HSA- LR mice, we observed
ncreases in Aopep RNA levels in regions flanking pre-miRNA
equences and a lack of change in the distant part of Aopep
RNA (Figure 3 E). Therefore, we hypothesized that the in-

reases in the levels of miRNAs from the miR-23b / -27b / -
4-1 cluster in the muscles of Mbnl1 KO and HSA- LR mice
esulted from transcriptional enhancement of the TSS2 tran-
cription unit, which masked the opposite effects of changes
n AS we observed in different cellular models. The observed
pregulation of Aopep TSS2 may result from epigenetic al-
erations or disruption of transcription factors expression in-
uced, most likely indirectly, by MBNL1 deficiency. In con-
lusion, MBNL1 has been shown to positively regulate the
xpression of miR-23b, -27b and -24-1 via direct involvement
n the alternative splicing of the pri-miRNA, and to exert an
ndirect effect on the level of the Aopep TSS2 transcript. 

The analysis of miRNAs levels in our study, besides
mallRNA-seq, is based on RT-qPCR assays, which remain
he most popular technique used to date. However, the abil-
ty of RT-qPCR approaches to distinguish between 3 

′ -isomiRs
r between miRNA family members that differ by a single
ucleotide can be poor if not carefully designed ( 99 ) . Never-
heless, the polyadenylation-based RT-qPCR method has been
emonstrated to be capable of selective amplification of indi-
idual miRNA isoforms or effective discrimination between
iRNAs from the same family when designed appropriately

 100 ). Consequently, the primers utilized for miR-23a and
iR -23b, miR -27a and miR-27b, and miR-133a and miR-
33b were designed in such a manner that the discriminating
ucleotide was the last nucleotide at the 3 

′ end of the primer.
lthough non-complementarity can be tolerated at the inter-
al or 5 

′ nucleotides of the primer, the requirement for com-
lementarity appears to be strong for the 3 

′ base ( 101 ). To
ssess the discriminatory power of the used primers, we have
nalyzed the CT values obtained for miRNAs belonging to the
ame family in the same sample. 

Our findings suggest that functional insufficiency of MBNL
roteins can be partially responsible for altered miRNA ex-
ression in DM1 patients. The significant portion of conver-
ent changes in miRNA levels observed in the skeletal muscles
f mice with MBNL s knockout and in the muscles of DM1 pa-
ients indicates that MBNL functional knockdown leaves an
mprint on the DM1 microtranscriptome and, consequently,
n the expression of hundreds of protein-coding genes (Fig-
re 5 A, F). Dysfunction of miRNA expression is hypothesized
o be the basis of many different pathologies, including DM1
( 102 ), to some extent, but it is difficult to separate overlapping
primary and secondary effects of deregulating numerous miR-
NAs and ascertain which element of disease they are responsi-
ble for. Nevertheless, the analysis of our previously published
whole-transcriptome data from skeletal muscles of DM1 pa-
tients enabled us to create an interaction network of gene ex-
pression changes and miRNAs that are potentially responsible
for them. This analysis showed that the change with the high-
est impact on perturbed mRNA steady-state levels in DM1
was a reduced level of miR-1 ( Supplementary Figure S7 d).
This was somewhat expected, as miR-1 is the miRNA with
the highest expression in skeletal muscles and as even a small
change in its level significantly disrupts the stoichiometry of
miR-1 molecules and their individual targets. miR-1 and miR-
206 were semihomologous, with similar mature sequences
and identical seed sequences. They had some independent tar-
gets; however, most of them were shared. Although the miR-1
level was decreased and the miR-206 level was increased in
DM1, the levels of targeted transcripts were elevated, indicat-
ing the predominant role of miR-1 in their regulation. This
observation is consistent with reports of the broad impacts
of decreases in miR-1 levels on muscle physiology ( 103–105 ).
The impact of reduced miR-1 expression on DM1 pathogen-
esis has been shown recently in the heart of a Drosophila
DM1 model ( 104 ). The authors observed that the dmiR-1
level was reduced in the cardiac cells of DM1 flies and that
its downregulation in the heart led to dilated cardiomyopathy
(DCM), thus suggesting that reduced dmiR-1 levels contribute
to DM1-associated DCM. 

In summary, our data support the hypothesis that decreased
activity of MBNLs results in changes in numerous miRNAs.
Most of them are regulated during postnatal skeletal mus-
cle development, and the adult-to-newborn shift in expres-
sion of these miRNAs is observed in mouse models of DM
and in DM1 patients. We hypothesized that Mbnl1 deficiency
influences miRNA levels through a combination of mecha-
nisms, including through regulation of AS of primary miRNAs
precursors. 
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