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The circular RNA circNFIX regulates MEF2C expression in
muscle satellite cells in spastic cerebral palsy
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Cerebral palsy (CP) is a pediatric onset disorder with poorly
understood molecular causes and progression, making early
diagnosis difficult. Circular RNAs are regulatory RNAs that
show promise as biomarkers in various diseases but the role of
circular RNAs in CP is beginning to be understood. This study
identified the role of circNFIX in regulating the expression of
myocyte-specific enhancer factor 2C (MEF2C), an important
transcription factor for sarcomere development. We found that
circNFIX is downregulated in the muscle cells of individuals
with CP, and its localization shifts toward the nucleus as visu-
alized using single-molecule resolution imaging. The decreased
expression of circNFIX, MEF2C, and MEF2C targets persisted
throughout myoblasts to myotubes differentiation, and in the
skeletal muscle tissue. Bioinformatic and experimental valida-
tion confirmed that circNFIX acts as a sponge for miR373-3p, a
microRNA that represses MEF2C translation. In normal muscle,
circNFIX derepresses MEF2C translation by sponging miR373-
3p, allowing for normal sarcomere generation. In CP, reduced
circNFIX expression results in loss of miRNA sponging, leading
to lower MEF2C expression and downregulation of sarcomere
genes, potentially causing shortened and dysfunctional muscle
fibers. Knockdown (KD) of circNFIX reduced myogenic capacity
of myoblasts to fuse and form myotubes similar to CP cells
evident from the lower fusion index in CP and KD as compared
to control myotubes. This is the first study reporting reduction
of MEF2C in CP and single-molecule resolution imaging of
circNFIX’s subcellular distribution and its role in CP, suggesting
circNFIX as a potential therapeutic target and biomarker for
early CP diagnosis.

Cerebral palsy (CP) is a group of static encephalopathies
associated with difficulties with movement, posture, and activity
(1). It is the most common and severe, pediatric-onset motor
disability with an estimated prevalence of 1 in 345 children
(https://www.cdc.gov/cerebral-palsy/). ~Spastic-type CP ac-
counts for more than 75% of the cases and involves muscle
hypertonia, contracture, weakness, and musculoskeletal de-
formities that often worsen over time (2—5). These muscular
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conditions result in significant debilitation and often require
surgical correction (5, 6). Due to a lack of well-defined genetic
markers, diagnosis of CP is often delayed until children miss
milestones, leading to a loss of critical time where supportive
therapies could be implemented to prevent impairment pro-
gression and improve outcomes. Skeletal muscle-resident stem
cells (satellite cells; SCs) play important roles in many of the
effects seen in CP, and studies indicate that children with CP
have unexplained reductions in their SC populations (7-10).
Furthermore, the average sarcomere length is almost twice that
of typically developing children; this sarcomere length differ-
ence likely contributes to the poor muscle force-generating
capacity and weakness observed in children with CP (7, 11).
Unfortunately, the molecular and cellular mechanisms leading
to decreased SC content, increased sarcomere lengths, and
other musculoskeletal pathologies in CP are largely unknown,
and studies of muscle and SC involvement in CP are needed to
help reduce progressive impairment, decrease the need for
invasive surgery, and improve motor function and life quality of
individuals with CP.

Muscle-resident SCs are critical for muscle growth, repair,
and function, and SCs play important roles in many of the
musculoskeletal attributes of CP. For example, neuromuscular
junctions exhibit disrupted microanatomy, and SCs are known
to contribute postsynaptic myonuclei with defined gene
expression programs to neuromuscular junctions (NMJs) such
that a lack of SCs contributes to NMJ degeneration (12—14).
Interestingly, isolated SCs from CP muscle appear to be func-
tionally and phenotypically different from controls in culture,
and recent studies show that cells isolated from individuals with
CP retain intrinsic differences that carry through daughter cells
in culture (15, 16). The mechanisms accounting for the genesis
and retention of SC differences in CP are not known. However,
regulatory RNAs, which have been shown to play physiologi-
cally important roles in other musculoskeletal disorders, are
promising potential candidates, and their role in CP is just
beginning to be appreciated (17-19).

Circular RNAs (circRNAs) are the most recently recog-
nized, and the least studied, members of the functional reg-
ulatory RNA family (20). These noncoding RNAs (ncRNAs)
were discovered >30 years ago when transcripts that
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Role of circNFIX in cerebral palsy

displayed out-of-order exons were observed (i.e., downstream
exons appeared prior to their upstream neighbors) (21, 22).
Circularization of linear transcripts occurs between the 3’
splicing donor and the 5'splicing acceptor site through a
noncanonical splicing event called back splicing (23, 24). It is
estimated that on average 1 to 2% of all mRNA species
generate circRNAs (25). The circRNAs lack a poly-A tail and
are not usually translated (26), although there have been
some reports on circRNA-encoded proteins (27, 28). The
most common functions attributed to circRNAs are as fol-
lows: (i) sequestration of microRNAs (therefore often
referred to as “microRNA sponges”) (29), (ii) regulation of
splicing and transcription (30) and (iii) regulation of their
parent gene expression (31, 32). These are highly enriched in
the brain and involved in various neurological disorders (33).
The circRNAs have been shown to play a role in muscle
development using animal models, but their role in myo-
genesis and NMJ disruption with respect to CP has not yet
been explored (34, 35).

One of the recently characterized circRNAs for its role in
myogenesis in mouse models is a super enhancer-associated
circRNA produced from exon 2 of nuclear factor IX (NFIX)
gene. This circRNA is produced by back splicing of exon 2 of
the NFIX gene and yields a spliced product of 532 bases (hsa-
circ-0005660). It is conserved across species and is abundant in
heart muscles and participates in the development of the brain,
heart, and other organs (36, 37). Its overexpression is shown to
inhibit cardiomyocyte proliferation (38).

Knockdown of circNFIX is reported to lead to cell cycle ar-
rest, inhibition of glycolysis, migration and invasion, and pro-
motion of apoptosis in glioma cells, hepatocellular carcinoma,
and non—small cell lung cancer cells (39-42). The circNFIX was
shown to be a molecular marker of glioma in humans (42, 43).
Most recently, our collaborators have shown that circNFIX
might regulate the expression of myocyte-specific enhancer
factor 2C (MEF2C) by sponging miR-204-3p in mouse skeletal
muscle cells (37). MEF2C is a transcription factor that controls
muscle development, interacts with a variety of proteins,
including MECP2 and CDKL5, and mediates later differentia-
tion stages in myogenesis (44, 45). Several reports have shown
that MEF2C regulates the expression of sarcomere genes and
thus downregulation of MEF2C could disrupt sarcomere or-
ganization and impact muscle development leading to muscle
pathologies reported in CP (45-47). Thus, we asked if circNFIX
is regulating MEF2C expression in myoblasts and myotubes
derived from human skeletal muscle and if dysregulation of
circNFIX levels in cells derived from individuals with CP could
help us to explain alterations in SCs and abnormalities in
sarcomere lengths and functions in CP.

Results

Expression profile of circNFIX in human satellite cells-derived
myoblast

Human satellite cells-derived myoblasts (SC-MBs) were
isolated from skeletal muscle biopsies of nine control (CN) and
nine cerebral palsy (CP) patients of both sexes and ages
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ranging from 10 to 19 years old (Table S1). This was done
under an Institutional Review Board (IRB)-approved protocol
(protocol number 687629) at the Nemours Children’s Hospi-
tal, Wilmington, DE, USA. The SC-MBs were isolated first
using immunomagnetic separation to enrich neuronal cell
adhesion molecule and chemokine receptor type 4 positive
cells as outlined in Figure 1A. The validation of SC-MBs was
done based on the expression of SC signature markers, PAX7
and MYF5, using immunofluorescence. Both CN and CP SC-
MBs showed a uniform expression of both markers, as
demonstrated in Figure 1B.

To evaluate the expression levels of circNFIX in the SC-MBs
derived from CN and CP individuals, we used a two step
quantitative reverse transcriptase PCR (qRT-PCR) to amplify
circNFIX RNA from these cells. Toward this, a set of divergent
primers was designed to target the back splice junction of the
circNFIX so that the linear transcript does not get amplified.
The identity of circNFIX was confirmed by Sanger sequencing
of the PCR product (Fig. 24). As a control, we included con-
ventional convergent primers for linear NFIX and MEF2C.
Interestingly, upon averaging the qRT-PCR data from all 9 CP
derived SC-MBs, a reduction of 18% and 23% in the expression
level of circNFIX and MEF2C was seen respectively when
normalized to their levels in all 9 CN derived SC-MB samples
(Fig. 2B). To validate that circRNA is free of any linear RNA,
the total RNA of SC-MBs was treated with RNase R, an
exonuclease that degrades the linear RNA but not circRNA
forms due to the lack of open ends (48). We confirmed that
circNFIX is resistant to RNase R and did not get cleaved after
treatment, while the MEF2C and GAPDH mRNA levels
decreased significantly by 97% in the RNAase R-treated sam-
ples compared to the untreated samples (Fig. 2C).

Next, we asked if this reduction in expression level of
circNFIX and MEF2C has a functional relevance in the SC-
MBs. For this, we created a stable knockdown of circNFIX
using shRNA specific to the unique back splice junction of
circNFIX in the SC-MBs derived from control tissue samples
and termed it as CN circNFIX KD (referred to as KD here after
for simplicity). We also created a negative control using the
scrambled sequence of the shRNA and termed it scramble
(SCR). As expected, the level of circNFIX reduced only in KD
while it did not change in SCR (Fig. 3A). To confirm the
specificity of sShRNA knockdown, we also checked the levels of
linear NFIX and MEF2C in the KD and SCR cells. We did not
see any change in SCR for either of the three candidates while
the linear NFIX expression showed a nonsignificant increase.
Interestingly, MEF2C levels were reduced significantly in KD
which is consistent with the loss of MEF2C in CP-derived SC-
MBs, indicating that circNFIX might be helping to maintain
MEF2C levels in the SC-MB cells. To further confirm the ef-
fect of circNFIX on MEF2C protein levels, we conducted
immunofluorescence assays for MEF2C protein levels, which
revealed a significant reduction in MEF2C levels in both CP
and KD SC-MBs as compared to CN (as shown in Fig. 3B).
Western blot analysis showed no detectable levels of MEF2C
protein in CP and circNFIX KD cells while it was seen in CN
SC-MBs (Fig. S4A).
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Role of circNFIX in cerebral palsy
CN CP

Figure 1. Verification of isolated satellite cells. A, graphical representation of workflow of isolating satellite cells derived myoblasts from muscle biopsies.
B, representative immunofluorescence images of SC-MBs isolated from control (CN) and cerebral palsy (CP) stained with anti-PAX7 and anti-MYF5 anti-
bodies. PAX7 and MYF5 signals are pseudo colored red and merged with DAPI staining shown as blue. The scale bar represents 5 jim. SC-MB, satellite cell-
derived myoblast; DAPI, 4',6-diamidino-2-phenylindole.
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The reduction in RNA and protein levels of MEF2C upon polysomes and nonpolysome fractions from all samples
knockdown of circNFIX implied that circNFIX is involved in  (Fig. 4A). The first peak with the shortest retention time had a
regulating MEF2C levels in SC cells. One of the direct ways to  small height and was collected and labeled as the polysome
evaluate this effect is to identify if circNFIX KD affects the bound (PB) fraction. We pooled all the other non-polysome
amount of MEF2C RNA engaged with polysomes which is fractions (containing ribosomal subunits including 80S, 60S,
indicative of actively translated RNAs. Toward this, we per- and 40S) and labeled it as non-PB fraction. Subsequently, we
formed polysome profiling using a size-exclusion column as isolated total RNA from both PB and non-PB bound fractions
described in the methods (49) on cell lysates from CN, CP, and and performed qRT-PCR to compare the level of MEF2C
KD SC-MBs cells. The UV chromatograms of size-exclusion mRNA between these two fractions. Our findings revealed that
chromatography (SEC) showed a clean separation of MEF2C RNA is highly enriched in the non-polysome fraction
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Figure 2. Validating expression of circNFIX and MEF2C in SC-MBs. A, graphical representation of circNFIX and validation of the back splice junction of
circNFIX by Sanger sequencing of the PCR product obtained using divergent primers using RNA isolated from SC-MBs. B, average fold change in expression
levels of circNFIX and MEF2C RNA between nine control (CN) and nine CP derived SC-MBs by qRT-PCR. C, relative expression levels of circNFIX, MEF2C, and
GAPDH RNA represented as fold changes upon treatment with RNase R (RNase R+) compared to untreated samples (RNase R-). Error bars indicate standard
deviation. Significance (* = p < 0.05, **** = p < 0.0001, ns = not significant) was established using unpaired, two-tailed Student’s t test. All experiments were
performed in triplicate. CP, cerebral palsy; MEF2C, myocyte-specific enhancer factor 2C; NFIX, nuclear factor IX; gqRT-PCR, quantitative reverse transcriptase
PCR; SC-MB, satellite cell-derived myoblast.
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Figure 3. Effect of circNFIX knockdown on MEF2C. A, fold change in expression levels of circNFIX and MEF2C RNA between control (CN), CN circNFIX KD
(KD), and CN scramble (SCR) SC-MBs by qRT-PCR. B, representative images and quantification of MEF2C protein levels (corrected total cell fluorescence-
CTCF) measured by immunofluorescence confirming downregulation of MEF2C protein in CP and KD. Red dots depicting MEF2C protein are merged with
DAPI (blue). Error bars indicate standard deviation. Significance (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = not significant) was established using
unpaired, two-tailed Student's t test. All experiments were performed in triplicate. The scale bar represents 5 um. CP, cerebral palsy; DAPI, 4',6-diamidino-2-
phenylindole; MEF2C, myocyte-specific enhancer factor 2C; NFIX, nuclear factor IX; qRT-PCR, quantitative reverse transcriptase PCR; SC-MB, satellite cell-
derived myoblast.

in both CP and KD, when compared to the respective CN SC-
MB (Fig. 4B). These results strongly support the notion that

resolution without substantial signal amplification, which
often leads to high background and nonspecific signals causing

circNFIX is involved in regulating the translation of MEF2C
protein.

Determination of intracellular localization of circNFIX
Notably, conventional methods of analyzing circRNAs, and
ncRNAs generally do not provide cellular localization; how-
ever, the function of ncRNAs is largely determined by where
they are located within the cell (50). The standard method for
imaging circRNAs uses a single probe specific to the unique
back splice junction, formed by the joining of exon ends (51).
However, this method does not provide single-molecule

misleading results about colocalization and molecular in-
teractions (52). Recently, we have developed a new method to
specifically identify and localize circRNAs in situ. Following
our previously developed method of “fusion-FISH” for the
sensitive detection of linear fusion transcripts (53), “circFISH”
has been developed for the detection of circRNAs simulta-
neously with their linear counterparts (54). Here, two sets of
probes are designed with each set containing ~ 40 oligonu-
cleotides, each 20 nt in length and labeled with the same single
fluorophore at the 3’end. The first probe set called probe
circular (PC) is designed to bind exon 2 found in both
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Figure 4. Polysome fractionation of MEF2C mRNA distri. A, the UV chromatograms of SEC from CN, CP, and CN circNFIX KD. Polysome bound (PB)
represents mRNA bound to polysomes, while non-polysome bound (non-PB) represents mRNAs bound to ribosomal subunits, including 80S, 60S, and 40S.
The x-axis indicates the retention time, and the y-axis shows the UV absorbance at 215 nm (pink line), 260 nm (blue line), and 280 nm (black line). B, the
fractions were analyzed by gRT-PCR. The expression of MEF2C mRNA was normalized with GAPDH to compare its expression in CP and KD samples in
polysomes (PB) and subunits (non-PB). Error bars indicate standard deviation. Significance (*** = p < 0.001, **** = p < 0.0001) was established using
unpaired, two-tailed Student's t test. All experiments were performed in triplicate. CN, control; CP, cerebral palsy; MEF2C, myocyte-specific enhancer factor
2G; NFIX, nuclear factor IX; gRT-PCR, quantitative reverse transcriptase PCR; SEC, size-exclusion chromatography.

4 | Biol. Chem. (2024) 300(12) 107987

SASBMB



circNFIX and linear NFIX, and the second probe set called
probe linear (PL) is designed to bind exon 11 of the NFIX
mRNA which is only found in linear NFIX (Fig. 54). Thus,
circNFIX will show signal from just the PC probe while linear
NFIX will have a colocalized signal from both PC and PL probe
sets. Using circFISH, SC-MBs showed distinct spots for linear
NFIX and circNFIX. Linear NFIX was almost exclusively found
in the cytoplasm, while circNFIX was distributed 88% in the
cytoplasm and 12% in the nucleus. Interestingly, in SC-MBs
from CP, the nuclear fraction increased to 17% and the cyto-
plasmic fraction became 83%. Although small, there was a
statistically significant increase in the nuclear localization of
circNFIX in SC-MB derived from CP compared to CN, while
no such change was observed for linear NFIX RNA. This in-
dicates that there is a change in both the level and distribution
of circNFIX in CP implying that circNFIX might be trans-
locating to the nucleus upon the onset of CP (Fig. 5, B, bottom
panel and C). Since circFISH is single-molecule resolution, we
quantified the spots for linear and circNFIX and found that
circNFIX is highly expressed with an average copy number of
60 copies/cell in CN and 30 copies/cell in CP-derived SC-MB
(Fig. 5D). A standard control to validate circRNAs is their
ability to withstand RNase R treatment (55). Thus, we per-
formed RNase R treatment in situ, which caused a significant
loss of only linear NFIX and corroborated the authenticity of
circFISH imaging (Figs. 5, B, second panel, and D and S1).
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Role of circNFIX in cerebral palsy

Moreover, performing circFISH in KD SC-MBs showed a
reduction in circNFIX levels further supporting knockdown
efficiency. The qRT-PCR data also corroborated these results,
demonstrating the sensitivity and specificity of circFISH
(Fig. 5, B third panel, and D).

Determination of the role of circNFIX in SC-MBs

The most well-studied functional mechanism of circRNAs is
their ability to sponge miRNAs. This has indeed been observed
for circNFIX in a mouse model where circNFIX was postulated
to regulate MEF2C expression levels by sponging miR-204
(37). Our data so far have supported the regulation of MEF2C
by circNFIX in human cells, but we were missing the miRNA
involved (if any) in this circRNA-miRNA-mRNA axis. Since
most miRNAs function by interacting with the 3'UTR of target
RNA, we analyzed the 3'UTR of MEF2C. It is rather long and
harbors potential binding sites for thousands of miRNAs. To
narrow down the miRNAs for future exploration, we split the
3'UTR of MEF2C into three nonoverlapping fragments and
cloned each of these fragments at the end of Renilla luciferase
coding region in the dual luciferase plasmids containing
Renilla (RL) and firefly (FL) luciferase genes (56) (Fig. 64). We
transfected CN, CP, KD, and SCR SC-MBs with this construct
and performed the luciferase assay. The results showed that
there was a significant decrease in luciferase activity 24 h post
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Figure 5. Cellular localization of circNFIX and linear NFIX at single molecule resolution. A, schematic showing biogenesis of the linear and circular NFIX
transcripts from the NFIX gene as well as the binding sites of PC (probes binding exon 2, found in both circNFIX and linear NFIX) and PL (probes binding
exon 11, only found in linear NFIX) probes. B, representative images of SC-MBs from control (CN), control treated with RNase R, KD, and CP. Left most panels

are bright field images of cells, middle panels are merged z stacks of raw ima

ges in Texas red (PC) and Cy5 (PL) channels, right most panels show merge of

two channels (Texas red pseudo colored as green, Cy5 pseudo colored as red over DAPI. C, nuclear and cytoplasmic distribution of linear and circNFIX in CN-
and CP-derived SCMBs. D, quantification of circFISH images from CN, CN treated with RNase R, CN circNFIX knockdown, and CP-derived SC-MBs. At least
100 cells were counted for each set, each experiment was performed in triplicate. Error bars indicate 95% Cl. Significance (* = p < 0.05, *** = p < 0.005) was
established using unpaired, two-tailed Student'’s t test. Scale bar is 5 um. Cl, confidence interval; DAPI, 4’ ,6-diamidino-2-phenylindole; NFIX, nuclear factor IX;

SC-MB, satellite cell-derived myoblast.
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Figure 6. Identification of miRNA binding site in the 3'UTR of MEF2C. A, schematic of MEF2C 3’ UTR regions used in the luciferase assay. B, the results of
the luciferase assay after transfecting SC-MBs from control (CN), CP, CN cNFIX KD, and CN SCR with psiCHECK2 dual-luciferase vectors expressing different
fragments of 3'UTRs of MEF2C in frame with Renilla luciferase. Cells were lysed 24 h post transfection, and the expression of Renilla (RL) and firefly (FL) was
measured in relative light units (RLU) for three different fragments (F1, F2, and F3) of the MEF2C 3’ UTR, empty vector, and mock transfection sample. We
calculated the ratio of renilla luciferase/firefly luciferase (RL/FL) for all the samples and normalized the RL/FL of F1, F2, and F3 samples to RL/FL of mock
transfection, and then to RL/FL of empty plasmid by subtraction. The normalized RL/FL of CP, CN circNFIX KD, and CN SCR was compared to the respective
normalized RL/FL of CN SC-MBs. All experiments were done in triplicate. Error bars indicate 95% Cl. Significance (*** = p < 0.001) was established using
unpaired, two-tailed Student ‘s t test. Cl, confidence interval; CN, control; CP, cerebral palsy; MEF2C, myocyte-specific enhancer factor 2C; NFIX, nuclear

factor IX; SC-MB, satellite cell-derived myoblast.

transfection in CP and CN circNFIX KD cells when compared
to CN SC-MBs. This decrease was observed only with the
MEF2C UTR fragment 1, which suggests that circNFIX is
likely sponging the miRNA(s) that interact through fragment 1
of MEF2C 3’ UTR. Moreover, the luciferase activity did not
show any changes in the CN SCR when compared to CN SC-
MBs, denoting that the effect is specific to the CP and KD cells
(Fig. 6B).

Determination of the circRNA-miRNA-mRNA regulatory
interaction

The above experiment helped us to narrow down to a
smaller list of miRNAs. Another requirement for the candidate
miRNAs is that circNFIX should have a binding site for this
miRNA. Toward this, we decided to predict all the miRNA
targets for circNFIX and MEF2C 3'UTR fragment 1 using
three different bioinformatics tools including TargetScan,
miRanda, and miRDB (57-60). After identifying binding sites
for over 200 miRNAs in both circNFIX and MEF2C (57, 61),
we analyzed the miRNAs targeting both MEF2C 3'UTR frag-
ment 1 and circNFIX, revealing 23 overlapping miRNAs
(Fig. 7A). We analyzed these 23 miRNAs by comparing them

6 . Biol. Chem. (2024) 300(12) 107987

to the expression profile of miRNAs in human skeletal muscle
cells and the miRTarBase v8 database (62) (Fig. 7B). This
comparison narrowed down the list to 19 miRNA targets,
which were further analyzed for their validated targets and
muscle-specific expression reported by miRNATissueAtlas2
(62, 63). Finally, we identified four muscle-specific functional
miRNAs that are predicted to target MEF2C 3'UTR fragment 1
by at least two prediction tools (Fig. 7C). Using qRT-PCR, we
found that miR-373-3p was consistently expressed in the SC-
MBs from all nine control and nine CP samples. We also
found that miR-373-3p levels were slightly higher in SC-MBs
from CP samples as compared to the controls but did not
show any significant reduction in KD (Fig. 7D). This is ex-
pected as it is known that circRNAs do not affect the level of
miRNA expression but rather suppress their function by acting
as a competing endogenous RNA. Therefore, we should not
expect to see any significant change in target miRNA levels
upon circRNA KD.

To fully underscore the relevance of competitive binding of
circNFIX to miR373-3p, the stoichiometry of their expression
should be evaluated. Toward this, we used digital PCR to
determine the copy number of circNFIX and miR-373-3p. Our
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Figure 7. Bioinformatic analysis to identify miRNAs interacting with circNFIX and MEF2C. A, common human miRNAs predicted to interact with
circNFIX and MEF2C 3'UTR fragment 1. B, common muscle specific miRNAs reported in miRTarBase and associated with both circNFIX and MEF2C 3'UTR
fragment 1. C, functional miRNAs associated with circNFIX-MEF2C mediated regulation in human skeletal muscle. Red color indicates muscle miRNAs and
predicted to bind to MEF2C 3’ UTR fragment 1 by two different miRNA analysis algorithms. D, expression levels of miR-373-3p in SC-MBs from CN, CP, KD,
and SCR measured by qRT-PCR. Each experiment was performed in triplicate. Error bars indicate standard deviation. Significance (* = p < 0.05) was
established using unpaired, two-tailed Student'’s t test. CN, control; CP, cerebral palsy; MEF2C, myocyte-specific enhancer factor 2C; NFIX, nuclear factor IX;
gRT-PCR, quantitative reverse transcriptase PCR; SC-MB, satellite cell-derived myoblast.

findings revealed that circNFIX is highly expressed with an
average copy number of 64 copies/cell, while miR-373-3p is
expressed at lower levels, with an average of 43 copies/cell in
CN SC-MBs. These results are consistent with RNA counts
obtained through circFISH imaging as well as the qRT-PCR
data. This provides solid support for our hypothesis that due
to high expression levels, sponging of miR373-3p by circNFIX
will render the miRNA unavailable to bind to MEF2C, thereby
blocking its translation. Furthermore, we combined circFISH
and double-fluorescein amidites-labeled miRCURY LNA
miRNA detection probes to directly visualize the interaction
between circNFIX and miR373-3p. Although the signals were
not as clean as circFISH alone due to multiple extended
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hybridization steps and treatments, we were indeed able to
observe several spots where miR-373-3p and circNFIX signals
were overlapping, indicating the interaction between these two
molecules is real and biologically relevant (Fig. S2).

Functional validation of the circRNA regulatory axis in SC-MBs

To functionally validate if circNFIX is indeed acting via
miR-373-3p to exert its regulatory role on the expression of
MEF2C, we transfected the CN-derived SC-MBs with a mimic
of miR-373-3p along with the dual luciferase construct con-
taining the fragment 1 of MEF2C 3'UTR. The introduction of
the miRNA mimic should increase the level of miR-373-3p in
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the cell, enabling binding to the target MEF2C mRNA, and
thus leading to a reduction in luciferase expression. As seen in
Figure 84, a decrease in luciferase activity was noticed in a
dose-dependent manner. This was measured via a dual lucif-
erase assay 24 h after transfection of the reporter and different
concentrations of miR-373-3p mimic. We found that 20 nM of
mimic reduced the signal by almost 60 percent, indicating a
significant functional effect of miR373-3p in regulating lucif-
erase protein expression.

To further validate this finding, we identified the exact
binding site of miRNA-373-3p in the MEF2C 3'UTR fragment
1 and mutated it in the dual luciferase construct using site-
directed mutagenesis such that miR373-3p could no longer
bind to this mutated construct (Fig. 8B). Transfection of CN
SC-MBs with 10 nM mimic and the mutated fragment 1
construct did not significantly change luciferase activity
compared to CN cells that were not transfected with mimic.
On the other hand, the luciferase activity was significantly
reduced when 10 nM miRNA-373-3p mimic was added along
with the WT construct containing fragment 1 compared to CN
SC-MBs cells that were not transfected with mimic (Fig. 8C).
Furthermore, a negative control miRNA was used to confirm

the specificity of miR-373-3p on the luciferase activity.
Transfecting CN SC-MBs with 10 nM of mirVana miRNA
Mimic Negative Control #1 (NC) mimic did not result in a
significant change in the luciferase activity when normalized to
the no treatment control (NT) where in no mimic was added
(Fig. 8D). The mirVana miRNA Mimic Negative Control from
Thermo Fisher Scientific is a randomized miRNA molecule
that has been extensively tested to have no identifiable effects
on known miRNA function in human cell lines and tissues.
The luciferase data further validated the functional effects of
circNFIX:miR373-3p:MEF2C regulation.

Expression profile of circNFIX and MEF2C in human SC-derived
myotubes and skeletal muscle tissue

Multiple lines of evidence have helped us to understand the
regulation of MEF2C by circNFIX, but it is imperative to know
if this effect is limited to the stage of myoblast proliferation or
if it persists through the development of these SC-MBs into
myotubes and reflects in the muscle tissue. Therefore, the SC-
MBs from nine control and nine CP patients were differenti-
ated for 72 h in differentiation medium to induce myotube
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Figure 8. Luciferase assay to confirm specific interaction between miR-373-3p and MEF2C. A, the normalized fold change in Relative Light Unit (RLU)
after 24-h post transfection with increasing concentrations of hsa-miR-373-3p mimic to SC-MBs from control (CN) samples. The relative expression of Renilla
normalized to firefly did not change upon increasing concentrations of mimic (Fig. S3). B, pairwise alignment between miR-373-3p and the WT and mutated
dual luciferase construct expressing fragment 1 of MEF2C 3'UTR. C, luciferase assay using SC-MBs from control (CN) transfected with psiCHECK2 dual-
luciferase vectors expressing either WT or mutated fragment 1. Each assay was performed in the presence of 10 nM of hsa-miR-373-3P mimic or NT
(no treatment control) indicating absence of the mimic was used to normalize the readings. D, normalized fold change in RLU after transfecting control SC-
MBs with WT dual luciferase construct expressing fragment 1 of MEF2C 3'UTR along with 10 nM of mirVana miRNA Mimic Negative Control #1 (NC) mimic or
No treatment (NT) which include no mimic. Cells were lysed 24 h post transfection and the ratio of Renilla to firefly RLU was normalized to empty psicHECK2
plasmid. Error bars indicate standard deviation. Significance (* = p < 0.05, ns = no significant) was established using unpaired, two-tailed Student’s t test. All
the experiments were repeated in triplicate and on cells obtained from multiple samples. MEF2C, myocyte-specific enhancer factor 2C; SC-MB, satellite cell-
derived myoblast.
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(SC-MT) formation (Table S1). The cells showed typical
morphology of multinucleated elongated cells upon differen-
tiation. RNA was isolated from SC-MTs derived from both the
CN and CP samples and qRT-PCR was performed to check the
expression of circNFIX and MEF2C. Averaging all the nine CN
and nine CP samples found that both targets were significantly
downregulated in CP derived SC-MTs as compared to CN SC-
MTs. The circNFIX was reduced by 37% while MEF2C RNA
was reduced by 51%. Similarly, the expression of circNFIX and
MEF2C was significantly downregulated in the circNFIX KD
SC-MTs when compared to the CN myotubes (Fig. 9A).
Comparably, MEF2C protein expression (Fig. 9B) was lower in
SC-MTs derived from CP and KD as compared to CN samples.
Western blot analysis and the quantification of the percentage
of MEF2C positive nuclei also revealed downregulation of
MEF2C protein in CP and circNFIX KD cells compared to CN
SC-MBs (Fig. S4, B and C). This demonstrated that the
circNFIX-dependent downregulation of MEF2C persists
throughout the differentiation process.

We wanted to further ask if the reduction in circNFIX
would impact the expression of the downstream effector target
genes of the MEF2C transcription factor. MEF2C is an
important transcription factor that plays a crucial role in
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controlling the assembly of sarcomeres by regulating the
expression of structural and sarcomeric genes such as myo-
mesins, myozenins, myotilin, among others (45). We selected
six major genes that are known to be controlled by MEF2C for
proper sarcomere formation. Myomesins are proteins found in
the M-band region of the sarcomere, and they play a crucial in
maintaining sarcomere stability and enabling it to return to its
original state after contraction (64). Myozenins are Z-line
interacting proteins that link calcineurin with the sarcomere
by acting as stress sensors (65). On the other hand, myotilin
functions as an actin cross-linking protein and contributes to
the structural integrity of the sarcomere (46). By qRT-PCR, we
found that CP-derived SC-MTs have reduced expression of
four of the six MEF2C targets (Fig. 10). CircNFIX KD myo-
tubes also showed downregulation of MEF2C targets. These
data provided evidence for our hypothesis that circNFIX-
dependent reduction of MEF2C in SCs imparts its effect and
leads to alteration in functional sarcomere formation in SC-
MTs.

Our findings in SC-MTs indicated that the dysregulation of
circNFIX persists throughout the differentiation process. All of
these data originated from using isolated SCs in 2D culture
which could have artifacts and might lose contextual
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Figure 9. Effect of circNFIX reduction on MEF2C expression in myotubes derived from satellite cells. A, fold change in expression levels of circNFIX
and MEF2C RNA between control (CN) and CP derived SC-MTs by qRT-PCR. B, representative images of MEF2C protein levels. Red dots depicting MEF2C
protein are merged with DAPI (blue). C, corrected total cell fluorescence (CTCF) of MEF2C protein in CN and CP SC-MTs. Each experiment was performed in
triplicate. Error bars indicate standard deviation. The whiskers of the box plot represent the minimum and maximum values. Significance (* = p < 0.05,
** = p < 0.01, ***= < 0.001) was established using unpaired, two-tailed Student’s t test and Kruskal-Wallis test. The scale bar represents 10 um. CP, cerebral
palsy; DAPI, 4 ,6-diamidino-2-phenylindole; MEF2C, myocyte-specific enhancer factor 2C; NFIX, nuclear factor IX; gRT-PCR, quantitative reverse transcriptase

PCR; SC-MT, satellite cell-derived myotube.
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Figure 10. Expression levels of MEF2C downstream targets measured by qRT-PCR analysis in CN and CP, and circNFIX KD derived SC-MTs. The
experiment was performed in triplicate. Error bars indicate standard deviation. Significance (* = p < 0.05; ** = p < 0.01; ** = p < 0.001; ns = not significant)
was established using unpaired, two-tailed Student’s t test. CN, control; CP, cerebral palsy; MEF2C, myocyte-specific enhancer factor 2C; NFIX, nuclear factor
IX; qRT-PCR, quantitative reverse transcriptase PCR; SC-MT, satellite cell-derived myotube.

information of the tissue environment (66). To avoid this bias,
we sought to investigate whether the low expression of
circNFIX and MEF2C is seen in skeletal muscle tissue in CP
patients. We isolated RNA directly from skeletal muscle bi-
opsies of six CN and six CP patients of both sexes and ages
ranging from 11 to 19 years old (Table S2). Notably, our results
showed that circNFIX and MEF2C expression was lower in
skeletal muscle tissue of individuals with CP compared to CN.
The circNFIX was reduced by 29% while MEF2C was reduced
by 19% (Fig. 11). Although it is small sample size, it does have
sufficient power (>0.8) to be considered valid (67). These data
confirmed that we did not introduce any bias by using isolated
SCs in 2D cell culture and provided further support to the fact
that SC-derived MBs and MTs accurately reflect the 3D tissue
microenvironments.

Modeling the MEF2C regulation in CP

The reduced ability of CP SCs to generate new muscle fibers
or repair may be linked to their muscle abnormalities. Previous
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Figure 11. Average expression of circNFIX and MEF2C using total RNA
isolated from skeletal muscle tissue of six individuals with CP
normalized to the average expression in skeletal tissue of six CN
samples as obtained by qRT-PCR. Experiment was performed in triplicate.
Error bars indicate standard deviation. Significance (* = p < 0.05) was
established using unpaired, two-tailed Student’s t test. CN, control; CP, ce-
rebral palsy; MEF2C, myocyte-specific enhancer factor 2C; NFIX, nuclear
factor IX; gRT-PCR, quantitative reverse transcriptase PCR.
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studies have found that SCs taken from the muscles of in-
dividuals with cerebral palsy have a lower fusion index
compared to those from typically developing children (16,
68-71). We confirmed that CP SCs had lower fusion indexes
when compared to CN SCs. circNFIX KD cells also showed a
similar phenotype, indicating that these cells have a reduced
capacity to merge and form myotubes, which affects the
development of sarcomeres (Fig. 12). This supports the func-
tional role of circRNA in the disease.

The circNFIX, miR373-3p, and MEF2C regulatory axis is
crucial for muscle development. Our research has shown that
circNFIX dysregulation continues throughout the differentia-
tion process from myoblasts to myotubes, to finally the skeletal
muscle tissue (Fig. 134). We mapped the binding sites of miR-
373-3p to circNFIX as well as MEF2C 3’ UTR and found that
the binding site is fully complementary (Fig. 13B). We
observed a significant decrease in the MEF2C protein level in
myoblasts and myotubes, indicating that miR-373-3p is
blocking the translation of MEF2C. Therefore, we suggest a
MEF2C protein regulation model as shown in Figure 13C.
Under normal physiological conditions, circNFIX competes
with miR-373-3p for target sites, blocking its binding to
MEF2C and resulting in a high expression of MEF2C protein
(Fig. 13C). MEF2C is a transcription factor required for
optimal expression of several genes including genes involved in
sarcomere maturation (45-47). MEF2C has been linked to
normal sarcomere length and function in healthy cells (65, 72).
In cases of CP, the level of circNFIX is reduced which leads to
an increase in the availability of miR-373-3p. This, in turn,
effectively blocks the translation of MEF2C, leading to the
production of less MEF2C protein by CP SC-MBs and SC-
MTs. As a result, the expression of MEF2C targets is also
reduced, which has the potential to alter sarcomere maturation
as observed in CP patients.

Discussion

NFIX is a transcription factor involved in muscle and central
nervous system development, as well as hematopoiesis. It has
also been associated with muscular dystrophies, brain disor-
ders, and various cancer types (73, 74). Moreover, six circR-
NAs have been reported to be produced from different exons
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Figure 12. Representative images confirm that the fusion index of CP and KD is lower compared to CN. The staining of myosin heavy chain (MYH)
depicts SC-MTs. The fusion index is the ratio of the number of nuclei (shown in blue with DAPI staining) inside a myotube (depicted in red with MYH
staining) to the total number of nuclei per field of view. The whiskers represent the minimum and maximum values. Significance (** = p < 0.01, **** = p <
0.0001) was established using Kruskal-Wallis test. All experiments were performed in triplicate. The scale bar represents 10 um. CN, control; CP, cerebral
palsy; DAPI, 4’,6-diamidino-2-phenylindole; SC-MT, satellite cell-derived myotube.

of NFIX as per the databases of circRNAs (57). circNFIX is a
critical regulatory circRNA that has been shown to play
important functions in different biological contexts. The most
well-studied circNFIX isoform (hsa-circ-0005660) is produced
from exon 2 of NFIX and has been mostly investigated for its
role in the cardiovascular system where it has been shown to
sponge miRNAs as well as RNA binding proteins (38, 75, 76).
Recent work by our collaborators also showed circNFIX reg-
ulates miR-204 function leading to regulation of MEF2C in
myogenesis in mouse cell lines (37). However, most of this
published work has been performed in mouse models, and
there are no reports on the functional characterization of
circRNAs in CP (77). Our analysis has found that circNFIX is a
highly abundant circRNA in SC-derived myoblasts and myo-
tubes. This is the first report of the use of circFISH for single-
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molecule resolution imaging of circNFIX that helped us to
determine the localization and high expression level of
circNFIX in SC-MBs from control versus those derived from
the CP muscle. Since circRNAs usually function in their
intracellular compartments, a shift toward nuclear localization
of circNFIX in CP might indicate a molecular mechanism of
sequestration of circNFIX in the nucleus and thus make it less
available to act as competitive endogenous RNAs to miRNAs.
This, coupled with the reduced expression, indicated a func-
tional effect in reducing MEF2C protein levels in CP. The
mechanism of this regulation is still elusive and warrants
further studies to identify regulators of expression and locali-
zation of circNFIX in the SCs.

Although circNFIX is conserved between the mice and
human, the circRNA:miRNA interactions are often species-
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specific and thus unlike in the mouse system, we did not find
human circNFIX to interact and bind miR-204. Our work was
therefore focused on identifying the regulatory axis of human
circNFIX, particularly in the context of muscle SCs and
sarcomere formation during myogenesis. Muscle SCs play
critical roles in the normal development of muscles and are
markedly affected during CP. Subjects with CP have a reduced
number and function of muscle SCs, and poorly developed
sarcomeres (7, 11). In this study, we found that circNFIX is
reduced by 18%, 37%, and 29% in SC-MBs, SC-MTs and
skeletal muscle tissue respectively from CP as compared to
their corresponding controls. The MEF2C protein level was
also significantly downregulated in CP as well as in circNFIX
KD in the control cells, indicating that circNFIX is regulating
the translation of MEF2C protein in SC-MBs, SC-MTs, and
skeletal muscle tissue via miRNA sponging. MicroRNAs act as
posttranscriptional regulators of mRNA targets by cleaving the
mRNA and/or repressing the translation (78).

According to bioinformatic analysis and luciferase assays,
we found that hsa-miR-373-3p can interact with circNFIX and
MEF2C. At present, there is no report on the role of miR-373-
3p in CP. Previous work indicated that miR-373 regulates cell
growth and modulates cell migration and invasion and it plays
important roles in different malignancies including breast
cancer, prostate cancer, testicular germ cell tumor, and liver
cancer (79). One report also found that overexpression of miR-
373 decreased MEF2C expression and cell size of cultured
mice cardiac myocytes (80).

In the present study, we found that MEF2C protein is
downregulated in CP SC-MBs, SC-MTs, and skeletal muscle
tissue. To the best of our knowledge, this is the first report on
the regulation of MEF2C expression in CP. To further inves-
tigate the regulatory role of circNFIX in MEF2C translation,
we used polysome fractionation and gene expression analysis.
Polysome fractionation, facilitated by SEC, allowed for the
separation of actively translating mRNAs associated with
polysomes from those bound to ribosomal subunits (40S, 60S)
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or fully assembled solo ribosomes that undergo poor trans-
lation or remain untranslated (49). We discovered that MEF2C
mRNA in CP and CN circNFIX KD samples exhibited a
reduced association with polysomes in comparison to ribo-
somal subunits. Consequently, this decreased association with
polysomes can explain the reduced translation of MEF2C
protein. MEF2C expression contributes to sarcomere integrity
and maintenance, by regulating the expression of sarcomere
genes encoding structural proteins involved in the sarcomere
architecture (81). Sarcomeres are responsible for muscle
contraction, and dysfunction of sarcomeric proteins is asso-
ciated with a variety of skeletal muscle diseases (82). It is
known that muscles in CP have a reduced number of sarco-
meres in series that are overstretched as compared to sarco-
meres in typically developing children (83). It is hypothesized
that the downregulation of MEF2C is responsible for the
sarcomere pathology in CP. In mice, the loss of MEF2C dis-
rupts sarcomere organization and causes defects in postnatal
muscle maturation of skeletal muscle (46, 47). Furthermore, a
previous study reported that circNFIX loss promotes de-
differentiation and transient sarcomere disassembly in mouse
adult cardiomyocytes (38).

Potthoff et al. (2007) discovered that skeletal muscle-
specific deletion of Mef2c in mice displayed fragmented
myofibers along the M-line, which are needed for maintaining
sarcomere integrity. The study also revealed that the loss of
MEF2C in skeletal muscle led to the downregulation of genes
responsible for muscle contraction, particularly genes encod-
ing cytoskeletal proteins. Among the downregulated genes
were myomesins, myozenins, myotilin, actin, myosin, and
muscle creatine kinase (46).

We evaluated the expression level of six known MEF2C
target genes encoding myomesin, myozenin, and myotilin (45)
and found that myomesins 1, 2, and 3, and myozenin 2 were
downregulated in CP and KD compared to control myotubes.
Myomesins aid in sarcomere stability, allowing it to return to
its original state after contraction. Previous studies have shown
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that myomesin 1 and myomesin 2 are directly activated by
MEF2C, which binds to their promoters (46, 64, 84). Myo-
mesin 1 is found in every muscle, while myomesin 2 and
myomesin 3 are tissue-specific, present in the cardiac and fast
skeletal muscle, and intermediate muscle and specific regions
of the cardiac muscle, respectively (64). Myozenin 1 and 2 refer
to Z-line interacting proteins and link calcineurin with the
sarcomere by acting as stress sensors. Particularly, myozenin 2
has been reported to be regulated by MEF2A, which has a
binding site in the proximal promoter, and it regulates muscle
development through the calcineurin-NFAT signaling
pathway. During skeletal muscle regeneration, MEF2C is
expressed later than MEF2A (85). MEF2C is also known to
target myozenin 2 and its lower expression may compromise
the integrity of the Z-line and limit the sarcomeric contractile
ability (72). On the other hand, myotilin is also necessary for
sarcomere assembly and acts as an actin cross-linking protein
(46). However, it has not been reported that MEF2C has a
binding site in the myotilin promoter, and we did not find any
significant change in myotilin expression level.

It has been reported that CP SCs have a reduced myogenic
capacity. Many studies have shown that CP SCs have a lower
fusion index and we confirmed those findings by staining the
myotubes with anti-myosin heavy chain antibody (16, 68-71).
We found that CP and circNFIX KD myotubes have a lower
fusion index when compared to CN SC-MTs, which could
explain why sarcomeres do not develop properly in CP, since
cells are unable to fuse and generate myofibers. On the con-
trary, works by the Desloovere lab from Belgium have reported
an increased fusion index in younger CP patients (15, 86, 87).
Disparities in findings could be due to differences in SC
isolation methods, age, and muscle heterogeneity but the
general consensus in the field associates decreased fusion in-
dex in CP.

This is the first study to report a regulatory mechanism of
MEF2C via circNFIX/miR-373-3p in CP. Although miRNA
sponging is one of the most well-established roles of circRNAs,
most of these “regulatory axes” do not bear clinical relevance due
to a considerable gap between the copy number of circRNAs
(often very low) and miRNA (often very high) in the cells and
usually one or two binding sites for the miRNA in the circRNA
(88). However, in the present study, we have a unique axis where
the stoichiometry of copy number of circNFIX and miRNA are
actually very much aligned to indicate a clinical relevance. The
digital PCR and circFISH analysis identified an average of 60
copies of circNFIX in control SC-MTs while miR373-3p was
found to be around 43 copies/cell. This indicates that even with a
single confirmed binding site for miR373-3p, circNFIX would be
able to have a significant sponging impact on the function of
miR373-3p which is clearly evident by the results of the func-
tional assays presented in this study.

As we established the circNFIX-mediated regulation of
MEF2C protein, this mechanism via the miRNA sponging
does not explain the observed reduction of MEF2C mRNA in
CP and KD cells. This implies that circNFIX might be regu-
lating the transcription of MEF2C via another mechanism.
Furthermore, circNFIX might also interact with RNA binding
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proteins as shown previously in the case of its interaction with
YBX-1 protein to regulate cardiac regeneration after myocar-
dial infarction (38). Given the high level of expression of
circNFIX in SC-MBs, SC-MTs, and skeletal muscle tissue, it
would be interesting to explore its role in another regulatory
axis. Ongoing work in our lab is also focused on finding other
mechanisms of action of circNFIX as well as investigating
whether circNFIX could be used as a diagnostic biomarker or
therapeutic target.

Limitations of the study: This is the first report of functional
characterization of circRNA function in CP. There is currently
only one published report for the identification of circRNAs in
blood from CP patients (89) and no reports on mechanism of
action of circRNAs in CP. Therefore, future studies using a
genome-wide analysis of circRNAs expressed in children with
CP in muscle-derived SC-MBs as well as in blood are needed
to obtain a complete profile of circRNA expression. The
sample size for the study was small and heterogeneous. Future
work with an expanded sample size separated by age, sex, and
disease severity will provide more insights into subtleties of
circRNA regulation in CP.

There is an unmet need for early diagnosis of CP that allows an
early intervention to promote cognitive and motor development.
Identification of regulatory circRNAs could very well fill this void
in our understanding of the onset and progression of CP.

Experimental procedures
Human tissue samples, cells, and cell lines

The study was conducted according to the Declaration of
Helsinki guidelines and approved by the IRB of Nemours (pro-
tocol number 687629). Muscle SCs were obtained from skeletal
muscle biopsies collected during orthopedic surgeries of nine
subjects for CP (with a diagnosis of spastic CP) and nine control
subjects (with an idiopathic condition or injury but without any
chromosomal or genetic disorder, degenerative neurological
disease, or muscular dystrophy) at Nemours Children’s Hospital,
Delaware with approved IRBconsent/assent as described previ-
ously (90). Briefly, the biopsy material was digested with enzymes,
and a double-immunomagnetic isolation approach was used to
isolate SCs. The isolated SC-MBs were grown in proliferation
medium containing Skeletal Muscle Growth Medium (ZenBio,
catalog SKM-M) supplemented with 20% Qualified fetal bovine
serum (Thermo Fisher Scientific, catalog # 26140079), 4 g/L of D-
Glucose (Thermo Fisher Scientific, catalog # A2494001), 1 ng/ml
of human bFGF (PeproTech, catalog # 100-18B), and 1%
penicillin—streptomycin solution (Thermo Fisher Scientific,
catalog # 15140122). The medium was exchanged every other day
with fresh medium, and the cells were screened for presence of
PAX7 and MYF5 expression using immunofluorescence before
using for experiments. After SC-MBs reached 90 to 100% con-
fluency, they were differentiated for 72 h in a low-serum medium.
This medium consisted of high glucose Dulbecco’s modified
Eagle’s medium (Thermo Fisher Scientific) that was supple-
mented with 2% horse serum (Thermo Fisher Scientific), 2%
human insulin (Sigma-Aldrich) and 1% penicillin—streptomycin
solution (Thermo Fisher Scientific, catalog # 15140122).
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Cloning

For circNFIX silencing, the shRNA targeting the back splice
junction of circNFIX was cloned into the pLKO.1-TRC cloning
vector (Addgene, Plasmid # 10878) and transfected into HEK-
293T cells for virus production along with helper plasmids. A
scrambled shRNA sequence was also cloned into the pLKO.1-
TRC cloning vector to use as a negative control. Viruses were
harvested from HEK293T cells and added to a culture of
proliferating SC cells. Selection of clones was done by adding 2
pg/ml puromycin (Gibco, A11138-03) to these cells 48 h after
the transduction with viruses. The clones were validated using
qRT-PCR. For luciferase assays, the empty psiCHECK2
plasmid and the plasmid, expressing different MEF2C 3'UTR
fragments  (psiCHECK2-MEF2C-3'UTR_F1, psiCHECK2-
MEF2C-3'UTR_F2, and psiCHECK2-MEF2C-3'UTR_F3)
were a kind gift from Dr Myriam Gorospe lab at National
Institutes of Health (56). To validate the miRNA-mRNA
interaction, ImiRP interface was used to generate a scram-
bled sequence that replace the hsa-miR-373-3p binding site in
psiCHECK2-MEF2C-3'UTR_F1 (91) by using Q5 site-directed
mutagenesis (New England Biolabs, M0491).

Quantitative reverse transcriptase PCR

SCs at 50% confluency were detached using trypsin, and
total RNA was extracted using TRIzol extraction following
the manufacturer’s protocol (TRI Reagent, Sigma-Aldrich,
T9424). The purity and concentrations of isolated RNA
were measured using Nanodrop. Equal concentrations of
RNA from control, CP, and CN NFIX KD and CN SCR cells
were used to make complementary DNA (cDNA) using
iScript Reverse Transcription Supermix (Bio-RAD, Hercules,
1708841). The obtained cDNA was used as a template to
analyze expression of target genes as well as reference gene
(GAPDH) using iTaq Universal SYBR Green Supermix (Bio-
RAD 1725124) according to the manufacturer’s protocol.
circNFIX was amplified using divergent primers (37) and the
linear RNAs were amplified using conventional convergent
primers. Following Minimum Information for publication of
Quantitative Real-Time Polymerase Chain Reaction Experi-
ments guidelines, we also performed the normalization of
RNA targets using 18S RNA and RNA polymerase III
(Fig. S5). For miRNA expression analysis, total RNA was
reverse transcribed using Mir-X miRNA First Strand Syn-
thesis Kit following the manufacturer’s protocol (Takara Bio,
catalog # 638313). qRT-PCR was performed using the
resulting ¢cDNA, Mir-X miRNA qRT-PCR TB Green Kit
(Takara Bio, catalog # 638314), and the specific forward
primer for the miRNA along with the reverse common primer
included in the kit. U6 forward and reverse primers included
in the Mir-X miRNA First Strand Synthesis Kit were used as a
normalization standard. For RNAse R treatment, total cellular
RNA (2 png) was incubated with 20U RNase R (Epicentre
Technologies RNR07250) for 15 min at 37 °C, followed by
cDNA synthesis and continuation with qRT-PCR as described
above. Table S3 lists all the primers and antibodies used in the
study.
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Digital PCR

The copy number of circNFIX and hsa-miR-373-3p was
identified by digital PCR (dPCR) using the Applied Biosystems
QuantStudio Absolute Digital PCR (Thermo Fisher Scientific).
The previously made cDNA was used as a template to calculate
the copy number of circNFIX using Absolute Q DNA Digital PCR
Master Mix (5X) according to the manufacturer’s protocol
(Thermo Fisher Scientific, A52490). A custom Taq-Man targeting
the back-splice junction of circNFIX was designed and ordered
from Thermo Fisher Scientific. For miRNA copy number iden-
tification, total RNA was reverse transcribed using Mir-X miRNA
First Strand Synthesis Kit (Takara Bio, catalog # 638313) and
dPCR was performed using the resulting cDNA, iTaq Universal
SYBR Green Supermix (Bio-RAD 1725124), and the specific
forward primer for the miRNA along with the reverse common
primer included in the Mir-X miRNA First Strand Synthesis Kit.

circFISH, immunofluorescence, and image analysis

A set of circFISH probes called as PC probe set, was designed
to target exon 2 of the NFIX and another set of probes called PL
probe set was designed to target exon 11 of the NFIX gene so
that colocalization of signals from PL and PC probe represent
linear NFIX while signals from PC probe that do not colocalize
with PL probe signal represent circNFIX as outlined in a recently
published circFISH article from our lab (54). Briefly, the probes
were ordered with a terminal -NH2 modification from LGC Bio
search Technologies Inc. The obtained PC probes were pooled
and labeled en mass with Texas red fluorophore while the PL
probes were labeled with Cy5. The labeled fraction was purified
using reverse phase HPLC. The proliferating SC-MBs from
different cell lines were grown on gelatin coated glass coverslips.
Upon 50% confluency, the cells were fixed, permeabilized and
hybridized overnight with the labeled probes. The unbound
probes were removed using exchanges of wash buffer. For
RNAse R treatment, coverslips were incubated with 20U RNase
R (Epicentre Technologies, RNR07250) for 4 h at 37 °C before
proceeding to hybridization. For immunofluorescence, the per-
meabilized cells were incubated with blocking buffer, followed by
overnight incubation at 4 °C with primary antibodies. The
following day, another blocking step was performed followed by
incubation with a secondary antibody for 1 h at room temper-
ature and subsequent washing. For imaging, the cells were
mounted with  4,6-diamidino-2-phenylindole  containing
mounting medium and imaged using a 100X oil objective in
Nikon TiE inverted fluorescence microscope equipped with a
charge-coupled device Princeton Pixis 1024b camera. The im-
ages were acquired using Metamorph software (https://www.
moleculardevices.com/products/cellular-imaging-systems/high-
content-analysis/metamorph-microscopy) and analyzed using a
custom-written program for spot counting in MATLAB
(Mathworks Inc, USA). The corrected total cell fluorescence was
calculated using Image] (https://imagej.net/ij/) (92) and the
following formula was applied: corrected total cell
fluorescence = integrated density—(area of selected cell x mean
fluorescence of background readings) (93). The percentage of
MEF2C positive nuclei was determined using the Fiji plugins
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(https://fijisc/) (94) Colocalization Image Creator and Colocali-
zation Object Counter, following the method described by
Lunde and Glover (2020) (95). The list of antibodies and probes
is provided in Tables S3 and S4, respectively.

Luciferase assay

The dual luciferase system from Promega was used for all
luciferase experiments. SC-MBs from controls were trans-
fected with either the psiCHECK2-empty plasmid or the psi-
CHECK2-MEF2C-3'UTR_F1, psiCHECK2-MEF2C-
3'UTR_F2and psiCHECK2-MEF2C-3'UTR_F3 plasmid using
Bio-T transfection reagent (Bioland Scientific LLC) using
manufacturer’s protocol. The cells were lysed 24 h after
transfection using the Passive Lysis Buffer, (Promega, E194A)
and the values of firefly and Renilla luciferase were read in a
plate reader using the Dual-Luciferase Reagent Assay System
(Promega, E1910) according to the manufacturer’s protocol.
For the miRNA mimic experiments, increasing concentrations
of hsa-miR-373-3p mimic (Thermo Fisher Scientific, catalog
#4464066) were included in the transfection with psiCHECK2-
MEF2C-3'UTR_F1 in the CN and CP cells, respectively. The
luciferase values were read 24 h post transfection as described
above. The firefly luciferase (expressed constitutively) is used
to normalize bioluminescence values obtained for Renilla
luciferase which is expressed in fusion with the 3'UTR of
MEF2C. To validate the interaction of miRNA-mRNA, a psi-
CHECK2-MEF2C-3'UTR_F1 missing the binding site of the
miRNA and the WT construct were transfected along with
miRNA mimics and subsequently lysed to perform the lucif-
erase assay as described previously. In addition, a miRNA
mimic negative control (Thermo Fisher Scientific, catalog
#4464061) was included in the transfection along with the
psiCHECK2-MEF2C-3'UTR_F1 to confirm that the observed
effect in the previous experiments is indeed specific to hsa-
miR-373-3p. The ratio of Renilla and Firefly was calculated,
and the values for psiCHECK2-MEF2C-3'UTR_fragments
were subtracted from the levels obtained in mock transfection.
These values were then further subtracted from the values
corresponding to the empty psiCHECK2. The final values were
used to calculate fold change between CP and CN, or among
the treatment or no treatment groups (mimic/negative con-
trol). Each experiment was repeated in triplicate and Student’s
t test was done to obtain p values.

Polysome fractionation

Polysome and ribosomal subunits were resolved from con-
trol, CP, and KD derived SC-MB cell extracts by SEC ac-
cording to the protocol described by Yoshikawa et al., 2018
(49). SC-MBs were grown to 60% confluency and treated with
cycloheximide (100 pg/ml final concentration) (Sigma-
Aldrich, C7698) for 10 min before performing lysis. The col-
umn used for polysome fractionation was Bio SEC-5, 5 um
particles, 2000 A, 7.8 x 300 mm (Agilent Technologies,
5190-2541) using a Dionex Ultimate 3000 uHPLC system
(Thermo Fisher Scientific). Subsequently, total RNA was
extracted from each fraction using TRIzol extraction following
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the manufacturer’s protocol (TRI Reagent, Sigma-Aldrich,
T9424). Equal concentrations of RNA from control, CP, and
CN NFIX KD were used to make cDNA using iScript Reverse
Transcription Supermix (Bio-RAD, 1708841). The obtained
cDNA was used as a template to analyze expression of MEF2C
as well as reference gene (GAPDH) using iTaq Universal SYBR
Green Supermix (Bio-RAD, 1725124) according to manufac-
turer’s protocol.

Bioinformatic and statistical analyses

MiRNAs interacting with cireNFIX and MEF2C 3'UTR
fragment 1 were predicted using miRanda v3.3a, miRDB, and
CircInteractome/TargetScan (57-60). Further comparison of
the common miRNAs targeting circNFIX and MEF2C with
miRTarBase v8 and Human miRNAs reported in miRNA-
TissueAtlas2 identified high confidence miRNAs involved in
the circNFIX-miRNA-MEF2C regulatory axis (62, 63). Each
experiment was performed in triplicate and biological repli-
cates. For fold changes in qRT-PCR, 2-delta delta Ct was
calculated by normalization using a housekeeping gene. Fold
change in luciferase experiments used empty and mock
transfection for normalization. For imaging, at least 100 cells
were counted to obtain average RNA counts or to quantify the
protein signals. The error bars indicate either standard devi-
ation or 95% confidence intervals indicated in each figure
legend. p-values were obtained using Student’s ¢ test and
Mann-Whitney test, and p < 0.05 was considered statistically
significant. p-values were obtained using unpaired, two-tailed
Student’s ¢ test and Kruskal-Wallis test, and p < 0.05 was
considered statistically significant.

Data availability

The sequences of all the probes and primers used in the
study are provided in the supplementary materials. The
custom-written algorithms for image analysis in MATLAB can
be made available upon a direct request to the corresponding
author.

Supporting information—This article contains supporting informa-
tion (54).
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