Reversing the miRNA -5p/-3p stoichiometry reveals
physiological roles and targets of miR-140 miRNAs

CAMERON YOUNG," MELISSA CAFFREY," CHRISTOPHER JANTON," and TATSUYA KOBAYASHI"?

"Endocrine Unit, Massachusetts General Hospital, Boston, Massachusetts 02114, USA
?Harvard Medical School, Boston, Massachusetts 02114, USA

ABSTRACT

The chondrocyte-specific miR-140 miRNAs are necessary for normal endochondral bone growth in mice. miR-140 defi-
ciency causes dwarfism and craniofacial deformity. However, the physiologically important targets of miR-140 miRNAs
are still unclear. The miR-140 gene (Mir140) encodes three chondrocyte-specific microRNAs, miR-140-5p, derived from
the 5’ strand of primary miR-140, and miR140-3p.1 and -3p.2, derived from the 3’ strand of primary miR-140. miR-140-
3p miRNAs are 10 times more abundant than miR-140-5p likely due to the nonpreferential loading of miR-140-5p to
Argonaute proteins. To differentiate the role of miR-140-5p and -3p miRNAs in endochondral bone development, two dis-
tinct mouse models, miR140-C >T, in which the first nucleotide of miR-140-5p was altered from cytosine to uridine, and
miR140-CG, where the first two nucleotides of miR-140-3p were changed to cytosine and guanine, were created. These
changes are expected to alter Argonaute protein loading preference of -5p and -3p to increase -5p loading and decrease
-3p loading without changing the function of miR140-5p. These models presented a mild delay in epiphyseal development
with delayed chondrocyte maturation. Using RNA-sequencing analysis of the two models, direct targets of miR140-5p, in-
cluding Wnt11, were identified. Disruption of the predicted miR140-5p binding site in the 3’ untranslated region of Wnt11
was shown to increase Wnt11 mRNA expression and caused a modest acceleration of epiphyseal development. These re-
sults show that the relative abundance of miRNA-5p and -3p can be altered by changing the first nucleotide of miRNAs in
vivo, and this method can be useful to identify physiologically important miRNA targets.
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INTRODUCTION plate chondrocytes (Miyaki et al. 2010), resulting in im-
paired longitudinal bone growth in the cranial base, spine,
and limbs. However, despite the evidence that Mir140
plays an important role in endochondral bone develop-
ment and growth, molecular mechanisms by which
Mir140-deficiency affects growth plate chondrocyte
behavior are still largely unknown.

Mir140 produces three miRNAs, miR-140-5p, derived
from the 5'-strand of the primary miR-140 (pre-miR-140)
miRNA, and miR-140-3p.1 and -3p.2, derived from the 3'-
strand of pre-miR-140, after cleavage of the primary tran-
script by Drosha and subsequent cleavage of the loop re-
gion by the endonuclease, Dicer (Suzuki et al. 2015;
Gebertand MacRae 2019). Itisimportant to note that Dicer
enzymatic cleavage occurs at two sites on the 3'-strand of
the pre-miR-140 producing two species of miR-140-3p.
Our previous study, investigating the regulatory effects of

Small regulatory microRNAs (miRNAs) suppress gene ex-
pression of target RNAs by directly binding to sequences
mainly in the 3’-untranslated region (UTR) via partial base-
pairing (Bartel 2018). The evolutionarily conserved and
chondrocyte-specific microRNA gene, Mir140, is essential
fornormal endochondral bone development. Mice missing
Mir140 develop dwarfism, cranial deformity, and shorten-
ing of limbs (Miyaki et al. 2010; Nakamura et al. 2011;
Papaioannou et al. 2013). In humans, we have recently re-
ported that a single nucleotide substitution at the second
nucleotide of miR-140-5p of Mir140 causes a novel skeletal
dysplasia, spondyloepiphyseal dysplasia (SED) MIR140
type, which is characterized by short stature, facial dysmor-
phism, and the unique epiphyseal deformity of long bones
(Grigelioniene et al. 2019). Loss of Mir140 in mice causes
mild acceleration of chondrocyte differentiation (Naka-

mura et al. 2011) and a reduction in proliferation of growth

© 2022 Young et al. This article is distributed exclusively by the
RNA Society for the first 12 months after the full-issue publication
date (see http:/majournal.cshlp.org/site/misc/terms.xhtml). After 12

Corresponding author: tkobayashi1@mgh.harvard.edu months, it is available under a Creative Commons License
Article is online at http://www.majournal.org/cgi/doi/10.1261/rna (Attribution-NonCommercial 4.0 International), as described at http
.079013.121. ://creativecommons.org/licenses/by-nc/4.0/.

854 RNA (2022) 28:854-864; Published by Cold Spring Harbor Laboratory Press for the RNA Society


mailto:tkobayashi1@mgh.harvard.edu
http://www.rnajournal.org/cgi/doi/10.1261/rna.079013.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.079013.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.079013.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.079013.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.079013.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.079013.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.079013.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.079013.121
http://www.rnajournal.org/site/misc/terms.xhtml
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml

Reversing the miRNA -5p/-3p stoichiometry

miR-140-5p and miR-140-3p on their predicted targets us-
ing Mir140-null chondrocytes, revealed that the loss of
miR-140 miRNAs causes greater impacts on miR-140-5p
target gene expression than miR-140-3p target gene ex-
pression despite the fact that miR-140-3p is substantially
more abundant than miR-140-5p (Grigelioniene et al.
2019). These observations suggest that miR-140-5p has
greater regulatory effects and that the miR-140-5p abun-
dance might need to be suppressed to achieve optimal fit-
ness for animals. From these findings, we hypothesize that
reversing the miR-140-5p and miR-140-3p stoichiometry
may elucidate the regulatory targets of miR-140-5p and
miR-140-3p.

Upon generation of mature -5p and -3p miRNAs, miR-
NAs are loaded onto Argonaute (Ago) proteins where
miRNA-target RNA interaction takes place (Gebert and
MacRae 2019). In this process, either the -5p or the -3p
strand of the miRNA duplex is selected for Ago loading
(Meijer et al. 2014). The Ago protein consists of four do-
mains, MID, PIWI, amino-terminal, and PAZ (Hutvagner
and Simard 2008). The first mono-phosphorylated nucleo-
tide of mature miRNAs binds to grooves of the MID and
PIWI domains, and the region of the 3’-end of the miRNA
associates with the PAZ domain (Sheu-Gruttadauria and
MacRae 2017). Due to these physical associations with
Ago, miRNAs interact with target RNAs, mainly, via the sec-
ond through the eighth nucleotides, called the “seed se-
quence,” which determines miRNA target specificity
(Tomari et al. 2004; Agarwal et al. 2015; Gebert and
MacRae 2019). Strand selection for Ago loading appears
to follow relatively simple thermodynamic rules (Tomari
et al. 2004; Suzuki et al. 2015). Upon Dicer cleavage, pre-
miRNA is processed to a short double stranded RNA du-
plex. It has been reported that the strand whose 5" end is
in the thermodynamically more unstable end of the miRNA
duplex is preferred for subsequent Ago loading (Suzuki
etal. 2015). In addition, the miRNA strand starting with uri-
dine (U) or adenosine (A) is preferred for Ago loading
(Suzuki etal. 2015) due to the better structural compatibility
of these nucleotides to a rigid loop of the MID domain of
Ago proteins than cytosine (C) or guanosine (G) (Frank
etal. 2010). Based on the publicly available small RNA-se-
quencing data (Griffiths-Jones 2006) and our miRNA-seq
data (Grigelioniene et al. 2019), although both miR-140-
5p and -3p are expressed, the abundance of miR-140-3p
is ~10 times greater than that of miR-140-5p. These find-
ings are in accord with the aforementioned rule, since
miR-140-5p starts with cytosine (C), a nonpreferred nucleo-
tide for Ago loading, and miR-140-3p miRNAs starts with U
orA, preferred nucleotides for Ago loading. Consequently,
we hypothesize that either changing the 5’ nt of miR-140-
3p miRNAs to less preferential nucleotides (C and G)
and/or changing the 5" nt of miR-140-5p to a more prefer-
ential nucleotide (U) would reverse the relative abundance
of miR-140-3p and miR-140-5p.

In this study, we present two mouse models in which the
stoichiometric balance of miR-140-5p and -3p is reversed
by altering the nucleotides of the 5-end of miR-140-3p
and miR-140-5p. These mutant mice present a mild delay
in chondrocyte maturation. Using RNA-sequencing analy-
sis of these two stoichiometric inverted mouse models,
along with a previously reported miR-140 knockout mouse
model, we identified miR-140-5p targets, including Wnt11.
Mice lacking the binding site for miR-140-5p in the Wnt11
3’ untranslated region showed increased Wnt11 expres-
sion, and these mice presented a modest acceleration in
epiphyseal development. These results provide evidence
that miR-140-5p directly regulates Wnt11 expression lead-
ing to regulation of endochondral bone development.

RESULTS

Generation of mouse models with reversed
miR-140-5p and -3p stoichiometry

In order to address the strand-specific miR-140 miRNA reg-
ulatory roles, two distinct miR-140 mutant mouse models
were generated via CRISPR/Cas?-mediated gene editing.
We hypothesized that changing the first nucleotide of
miR-140-5p from C, a nonpreferred nucleotide for Ago
loading, into U, a preferred nucleotide for Ago loading,
would increase the miR-140-5p abundance, and thus
decrease miR-140-3p miRNAs. Additionally, we hypothe-
sized that changing the first nucleotides of the 5-end of
miR-140-3p.1 and -3p.2 from U and A, preferred nucleo-
tides for Ago loading, to C and G nonpreferred nucleotides
for Ago loading, would decrease miR-140-3p loading, and
thus increase the abundance of miR-140-5p. Consequent-
ly, the first model, designated as miR-140-CG, was made
by switching the first 5 nt of miR-140-3p.1 and -3p.2 U
and A into C and G, respectively (Fig. 1A,B). In addition
to the 5 nt switching in the miR-140-3p miRNAs, comple-
mentary mutations were made to the 3’ nt end of miR-
140-5p (Fig. 1A,B). The purposes for these secondary mu-
tations were to maintain the hairpin-loop structure of the
pre-miR-140 for normal processing by Drosha and Dicer
and to increase the thermodynamic stability of the 5" end
of miR-140-3p of the miR-140-5p and -3p duplex upon
cleavage. The thermodynamic stability of the 5 end of
-5p and -3p miRNA duplexes is another major determinant
for strand selection where the miRNA strand in which the
5 end is located in the thermodynamically unstable side
is preferred for Ago loading (Khvorova et al. 2003; Schwarz
et al. 2003; Suzuki et al. 2015). It is important to note that
these changes are expected to have little or no impact on
the targeting specificity of miR-140-5p because the
3" end of miRNAs are associated with the PAZ domain of
Ago proteins, and thus does not participate in the
miRNA-target RNA interaction, while they should
decrease Ago loading of miR-140-3p strands and increase
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FIGURE 1. Method and validation of stoichiometric reversal in miR-140 miRNAs. (A) Schematic of miR-140-3p and -5p miRNA asymmetry by
Argonaute (Ago) loading. The schematic shows that the three miR-140 miRNAs, miR-140-5p, miR-140-3p.1, and miR-140-3p.2, are derived
from Drosha cleavage of pri-miR-140 and subsequent cleavage of the loop region of the pre-miR-140 by Dicer. Note that two miR-140-3p
miRNAs are produced (miR-140-3p.1 and -3p.2) from the -3p arm because Dicer cleavage occurs at two sites. The three miRNAs are asymmet-
rically loaded to Ago mostly dependent on the nature of the 5" ends. Due to the preferential loading of miRNA strands with the 5" nucleotides U or
A, miR-140-3p miRNAs are more efficiently loaded to Ago than miR-140-5p that starts with C, a nonpreferred nucleotide for Ago loading.
(B) Strategy to change the stoichiometry of miR-140-3p and -5p miRNAs. Blue bases indicate the mature miRNA sequences. Arrows indicate
the first nucleotides of mature miRNAs. Base pairs in orange indicate where the mutations were made in each mouse model. The first model
was created by altering the 5’ nt of the miR-140-3p strand to C and G from U and A, respectively, which are nonpreferential for Ago-loading;
this model was designated as miR-140-CG. The 3’ end of miR-140-5p was also altered to maintain the hairpin loop structure of the pri-miR-
140 allowing for normal processing by Drosha and Dicer and to provide thermodynamic stability of the 5" end of miR-140-3p of the miR-140-
5p/-3p duplex upon cleavage. In the second model, the mutation from C to U of the 5’ nt of miR-140-5p was designed to increase preferential
Ago-loading of miR-140-5p; this model was designated as miR-140-C > T. (C) Quantification of mature miR-140-3p, miR-140-5p, let-7a-5p, and
pri-miR-140 in primary rib chondrocytes of homozygous miR-140-CG (CG), miR-140-C > T (C>T), and their littermate wild-type control (WT). Pri-
miR-140 was normalized by Actb. miRNAs were normalized by U6. miR-140-CG and miR-140-C > T mice show significantly increased miR-140-5p
and significantly diminished miR-140-3p expression, whereas the level of pri-miR-140 or let-7a-5p (a control miRNA) was not significantly altered.
Mean * SEM with individual data is shown. n=5-8 from three biological replicates, Student’s t-test versus WT. (D) Quantification of Ago2-asso-
ciated miR-140 miRNAs in homozygous miR-140-CG and wild-type littermate control (WT). The relative miR-140-3p/-5p ratio both in total RNA
preparations (Input) and RNA-immunoprecipitated fraction with Ago2 antibody was reversed in CG chondrocytes. The P-values indicate the sig-
nificance from comparing WT and CG. n=6, Student’s t-test.

miR-140-5p loading. As for the effect of these changes on
miR-140-3p miRNAs, they do not affect the function of miR-
140-3p.2 because its seed sequence is not altered, but they
alter the first nucleotide of the seed sequence of miR-140-
3p.1, and therefore, it likely causes loss of its regulatory ef-
fects on its original targets and may suppress a new set of
genes. However, the hypothesis denotes that the expres-
sion of miR-140-3p miRNAs is expected to be significantly
decreased, such that the functional change of miR-140-
3p.1 should have a limited physiological impact. The sec-
ond model, designated as miR-140-C > T, was created by
mutating the first nucleotide of miR-140-5p from C to U
(Fig. 1A,B). Inthismodel, there isno seed sequence change
in miR-140-5p or -3p miRNAs, and therefore, no functional
changes of miR-140 miRNAs are expected.

To assess the effects of the miR-140-CG and miR-140-C
>T mutations on the abundance of miR-140-5p and -3p,
primary chondrocytes were isolated from P10 mice ribs.
RNA was isolated and purified from these cells. As expect-
ed, real time-gPCR revealed a significant decrease in miR-
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140-3p expression and a significant increase in miR-140-
5p expression in both the miR-140-CG and -C > T models,
whereas expression levels of pri-miR-140 and let-7a-5p
were unaltered (Fig. 1C). To further confirm the change
in Ago loading efficiency, we performed RNA immuno-
precipitation using anti-Ago2 antibody. Comparison of
gRT-PCR cycle ratios of miR-140-3p and -5p in the Ago2-
associated fraction showed a reversed abundance in
homozygous CG mutant chondrocytes as in the total
RNA fraction (Input), suggesting that the Ago loading
efficiency primarily determines the relative abundance of
miR-140-5p and -3p in the cell (Fig. 1D).

Reversing the stoichiometry of miR-140-3p and
miR-140-5p leads to a mild delay in chondrocyte
maturation with a delayed secondary ossification
center formation

While stoichiometric inversion in these models was con-
firmed, the homozygous mice showed no overt gross
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FIGURE 2. Histology of the proximal tibia of miR140-CG and -C > T models. Representative images of Hematoxylin and Eosin-stained proximal
tibias of miR140-CG mice and miR140-C > T mice and control littermates at postnatal day 10. Homozygous miR140-CG [(CG/CG)]and -C > T [(C >
T/C>T)] tibias present a modest delay in the maturation of chondrocytes with delayed development of the secondary ossification center (blue
arrows) compared with wild-type littermate control [(+/+)]; in both CG and C>T bones, the secondary ossification is mostly occupied by hyper-
trophic chondrocytes at this stage (stained white due to a smaller amount of extracellular matrix), whereas in control wild-type bones, eosinophilic
staining appears in the secondary ossification center, indicating replacement of hypertrophic chondrocytes by the bone matrix. Scale bar repre-

sents 500 ym.

abnormalities in growth (data not shown). However, histo-
logical assessment of the hindlimbs of these mice at post-
natal day 10 revealed a consistent and mild delay in
epiphyseal development in both models (Supplemental
Figs. 1, 2). The proximal tibias showed that in the mice ho-
mozygous for either miR140-CG or miR140-C > T a modest
delay in chondrocyte maturation with delayed secondary
ossification center development was presented (Fig. 2).

The miR-140-C > T and -CG mutations enhance the
phenotypic changes caused by the gain-of-function
mutation of miR-140-5p

To further test -C >T and -CG mutations increase of miR-
140-5p expression without changing the -5p function, we
tested whether -C>T and -CG mutations enhanced the
phenotypic changes of a mouse model for spondyloepi-
physeal dysplasia (SED) MIR140 type. We previously dem-
onstrated that a single nucleotide substitution (A to G;
designated as miR-140-G mutation) of the first nucleotide
of the seed sequence, that is, the second nucleotide, of
miR-140-5p caused a novel skeletal dysplasia and showed
that the equivalent mutation in mice causes a delay in chon-
drocytes maturation in the epiphysis due to an expansion of
resting zone chondrocytes (Fig. 3A; Grigelioniene et al.
2019). This phenotype is caused by a gain-of-function of
the mutant miR-140-5p in a dose-dependent manner, but
not by the loss of the function of the wild-type miR-140-
5p. We hypothesized that the addition of the -C>T and
-CG mutations would produce a skeletal phenotype similar
to the G mutant with increased severity due to the in-
creased expression of mutant miR-140-5p by the addition
of -C>T and -CG mutations. To test this hypothesis, we
changed the first two nucleotides of the miR-140-5p from
C and A to U and G with the added -CG mutation; this
mutation was designated as the miR-140-UGCG model
(Fig. 3A). Mice heterozygous for the UGCG mutation
showed a delay in secondary ossification center formation
and an expansion of the resting zone of the growth plate sim-

ilar to the G-mutation phenotype with greater severity
(Fig. 3B,C). In addition, the UGCG homozygotes showed a
more severe skeletal growth defect (Supplemental Fig. 3),
unlike the relatively mild dwarfism and craniofacial deformity
in homozygous G mutants (Grigelioniene etal. 2019). These
data provide evidence supporting that the -C >T and -CG
mutations do not alter the function of the mutant miR-140-
5p, but rather increase its expression and the phenotypic
severity of the gain-of-function mouse model.

RNA-sequencing analysis of miR-140-CG and
miR-140-C > T primary chondrocytes reveals
miR-140 targets

The effects of stochiometric alteration on gene expression
were assessed by RNA-sequencing analysis using primary
rib chondrocyte RNA from miR140-CG and miR140-C>T
with respective controls (GSE162266). Additionally, the
RNA-sequencing analysis of these two models was com-
pared with a previous miR-140-knockout (KO) RNA-seq
analysis (GSE98309). We hypothesized that the stoichio-
metric change in these models would increase and
decrease the expression of miR-140-3p or miR-140-5p tar-
get genes, respectively. In order to test this hypothesis, we
analyzed expression of predicted targets of miR-140-5p,
miR-140-3p.1, and miR-140-3p.2. The target genes were
predicted by TargetScan, and the target genes with the
conserved 8-mer-seed binding sites of miR-140 miRNAs
were used for analysis (Agarwal et al. 2015). A cumulative
distribution fraction was drawn based on the expression
changes of the predicted target genes in these mice (Fig.
4A). As expected, the predicted miR-140-5p target genes
were significantly suppressed in both the miR-140-CG
and -C>T models (Fig. 4A). In contrast, both models pre-
sent modest up-regulation of predicted miR-140-3p target
genes (Fig. 4A). These results suggest that miR-140-3p
miRNAs have a relatively weak regulatory effect on predict-
ed target genes, whereas miR-140-5p miRNA has a rela-
tively greater regulatory effect, as suggested by our
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FIGURE 3. A gain-of-mutation in the C>T and CG context enhances the phenotype. (A) A gain-of-function (GOF) mutation at the second nu-
cleotide of miR-140-5p (A > G) (G) was combined with C>T and CG mutation (UGCG). (B,C) Safranin O-stained tibial sections of P14 mice (B)
and hematoxylin and eosin-stained spheno-occipital growth plates in the basal skull of P7 mice (C) with following genotypes: wild-type control
(+/+), heterozygous (G/+) and homozygous (G/G) GOF mutant, and heterozygous (UGCG/+) and homozygous (UGCG/UGCG) GOF with C>T
and CG mutant. The A> G mutation delays epiphyseal development, as the entire epiphysis is still mostly occupied by Safranin O-positive car-
tilage matrix in mutant mice, whereas bone tissue (blue arrows) has already replaced a major part of the cartilage in wild-type littermates (B) and
causes an expansion of proliferating chondrocytes (blue lines in C). Additional UGCG mutations cause greater changes in the heterozygous state.
Note the extent of expansion of the spheno-occipital growth plate of (UGCG/+) mice is greater than that of (G/+) mice and comparable to that of

(UGCG/+) mice. Scale bars: 500 pm (B); 200 um (C).

previous work on the miR-140-KO mouse analysis (Grige-
lioniene et al. 2019).

The regulatory effects of miRNAs are estimated to be rel-
atively modest, usually <50% and often <20% (Baek et al.
2008; Selbach et al. 2008). For this reason, we analyzed
genes of which expression was altered by 20% or more in ho-
mozygous -CG or-C > T mutant mice and in miR-140-knock-
out (KO) mice. We found that 404, 234, and 1640 genes
were up-regulated in miR-140-CG, miR-140-C>T, and
miR-140-KO mice, respectively. In addition, we revealed
that 614, 210, and 1976 genes were down-regulated in
miR-140-CG, miR-140-C > T, and miR-140-KO mice, respec-
tively (Fig. 4B). Additionally, TargetScan (v. 7.2) was used to
predict the potential targets of miR-140 miRNAs by analyz-
ing conserved 8-mer binding sites and cumulative weighted
score ++ of the miR-140 miRNAs (Agarwal et al. 2015). The
overlap of these groups of genes are summarized in two
Venn diagrams (Fig. 4B; Supplemental Table 1). Among
the miR-140-5p predicted targets, two genes, Wnt11 and
KIf9, were down-regulated in -C>T and -CG mutants and
up-regulated in miR-140-KO mice. These genes are likely
directly suppressed by miR-140-5p, and their expression is
dependent on endogenous miR-140-5p. Likewise, among
the predicted miR-140-3p miRNA targets, four genes of
which expression was up-regulated in all three mutants,
-C>T,-CG, and -KO mice, were identified. These are likely

858 RNA (2022) Vol. 28, No. 6

direct miR-140-3p targets of which expression is dependent
on miR-140-3p miRNAs. To confirm the predicted miR-140-
5p targets, qRT-PCR was performed, which revealed the
down-regulation of Wnt11 and KIf9 expression in -C>T
and -CG mutant chondrocytes (Fig. 4C). While KIf9 suppres-
sion was relatively modest, Wnt11 down-regulation was
more robust, which was also confirmed at the protein level
(Fig. 4D; Supplemental Fig. 4).

To test whether miR-140-5p directly suppress gene ex-
pression through the predicted binding site in the Wnt11
3'-UTR, a luciferase reporter assay was performed using a
255-bp DNA fragment containing the miR-140-5p binding
site using HEK293-T cells that do not endogenously ex-
press miR-140 miRNAs. miR-140-5p significantly sup-
pressed the luciferase activity in cells cotransfected with
the luciferase reporter plasmid with wild-type miR-140-
5p biding site but not with a mutated miR-140-5p binding
site, demonstrating that miR-140-5p directly suppresses
gene expression via this binding site (Fig. 4E).

The role of miR-140-5p regulation on Wnt11
gene expression

Based on the mouse phenotypes where Mir140 loss accel-
erates chondrocyte differentiation and -C > T and -CG mu-
tants show delays in chondrocyte differentiation in the
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FIGURE 4. RNA-sequencing analysis of the miR-140-CG and -C > T homozygous chondrocytes reveals targets of miR-140 miRNA regulation.
(A) Cumulative distribution fraction analysis of expression of predicted miR-140 target genes in miR-140-CG and miR-140-C > T compared to con-
trol gene sets. Cumulative distributions of predicted miR-140-target genes with conserved 8-mer binding sites for miR-140-5p, -3p.1, and 3p.2
from miR-140-CG and respective WT chondrocytes and miR-140-C > T and respective WT chondrocytes were plotted based on their expression
changes. The black lines indicate distribution of entire genes in these comparisons. The miR-140-5p target gene distribution curve is shifted to the
left of the black line, indicating that the expression levels of predicted miR-140-5p target are generally suppressed in -CG or -C>T models.
Likewise, miR-140-3p target gene distribution is modestly shifted to the right, demonstrating up-regulation of miR-140-3p target genes in mutant
chondrocytes. (B) Two Venn diagrams were created to analyze the overlaps among the deregulated genes in miR-140-CG and miR-140-C>T
models, the previously reported miR-140-KO model, and predicted miR-140-5p or miR-140-3p (-3p.1 and -3p.2) targets. Genes whose expression
is altered by more than 20.5% were counted. Potential miR-140 targets with conserved 8-mer binding sites were predicted by using TargetScan
(v. 7.2). (C) Relative expression of miR-140-5p targets, Wnt11 and KIf9, in -CG and -C > T models. Mean = SEM, n =6 from three biological rep-
licates, Student's t-test. (D) Reduced expression of Wnt11 protein in miR-140-CG primary rib chondrocytes. Histone 3 (H3) was used as loading
control. The relative signal intensity is indicated. (E) Direct gene regulation by miR-140-5p via the miR-140-5p binding site in the Wnt11 3’-UTR.
Luciferase reporter assay was performed in HEK-293-T cells by cotransfecting indicated miRNA mimics with a luciferase reporter construct car-
rying a wild-type (Wnt11-Wt) or mutated (Wnt11-Mut) miR-140-5p binding site. miR-140-5p, miRIDIAN miR-140-5p mimic; miR-NC, miRIDIAN
microRNA mimic negative control #1. n=6, ANOVA.

secondary ossification center, we hypothesized that the ~ Wnt11-LoxP, was generated by inserting a loxP sequence

loss of miR-140-5p-dependent regulation on the identified
target genes might promote the secondary ossification
center development and chondrocyte maturation. Since
Whnt11 was down-regulated to a greater extent than KIf9
in -C>T and -CG mutant chondrocytes, and Wnt11 con-
tains only one predicted miR-140-5p binding site in the
3-UTR, we investigated the consequence of the disruption
of the miR-140-5p binding site in mice. We disrupted this
binding site by CRISPR/Cas? genome editing in mice in
two ways (Fig. 5A; Supplemental Fig. 5). One model,
Whnt11-Del, was created by deleting a 14-bp-long
sequence including the miR-140-5p binding site using
template-free genome editing. The second model,

ablating the miR-140-5p binding site. Primary chondro-
cytes were isolated from homozygous mice of both mod-
els, and RNA and protein were subsequently isolated
from these cells. We confirmed that Wnt11 expression
was significantly up-regulated in both Wnt11-Del and
Wnt11-LoxP mice (Fig. 5B). We also confirmed the Wnt11
up-regulation at the protein level in Wnt11-LoxP mice,
demonstrating that the miR-140-5p binding site is an im-
portant regulatory sequence (Fig. 5B; Supplemental Fig. 6).

To assess the phenotypic outcome of these two models,
sagittal sections of P10 mice hindlimbs were taken at 6 ym
to analyze the histology of these mice. Both the Wnt11-
LoxP model and Wnt11-Del model showed a mild, but
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FIGURE 5. Generation and analysis of Wnt11-LoxP and Wnt11-Del mutant models.
(A) Schematic demonstrating the mutations made to the miR-140-5p binding site of the
3’-UTR of the Wnt11 gene. The Wnt11-Del model was created by deleting the 14 bp sequence
including the miR-140-5p binding site. The Wnt11-LoxP mutation was created by inserting a
loxP sequence in the 3'-UTR ablating the miR-140-5p binding site. Both models were designed
to diminish miR-140-5p binding. (B) Relative expression of Wnt11 in rib chondrocytes of homo-
zygous Wnt11-LoxP and Wnt11-Del models. (Left) Wnt11 expression is significantly increased
in both models. Mean * SEM with individual data is shown. n=6-8 from three biological rep-
licates, Student's t-test versus WT. (Right) Wnt11 up-regulation in Wnt11-LoxP rib chondro-
cytes was confirmed by immunoblot analysis. The relative signal intensity after normalization
to histone 3 (H3) is indicated. (C,D) Representative images of hematoxylin and eosin-stained
proximal tibias of Wnt11-LoxP (C), Wnt11-Del (D) and respective littermate wild-type controls
(+/+). Both models had a modest acceleration of secondary ossification development (blue ar-

sion of miRNA -5p and -3p is a useful
approach not only for investigating
the physiological roles of a given
miRNA in vivo, but also for identifying
target genes of miRNAs.

By changing the first 5 nt of
miR-140 miRNAs, we reversed the sto-
ichiometry of miR-140-5p and -3p and
substantially increased the -5p abun-
dance. The cumulative distribution
fraction analysis also showed that the
predicted miR-140-5p target genes
were significantly suppressed. Yet,
the physiological outcome of the
stoichiometric reversal resulted in
only a mild delay in the epiphyseal de-
velopment, a far less severe pheno-
type when compared to the loss of
miR-140-5p in  Mir140-null  mice
(Nakamura et al. 2011). These results
suggest that miR-140-5p is necessary
for suppressing undesired genes for
normal endochondral bone develop-
ment, while overexpression of miR-
140-5p has limited additional effects.
Alternatively, it is possible that the
simultaneous reduction of miR-140-

rows) (C,D). Scale bar represents 500 pm.

consistent, acceleration in the secondary ossification de-
velopment compared to respective controls (Fig. 5C,D;
Supplemental Figs. 7, 8). It is important to note that a
mild acceleration of endochondral bone development
was found in neonatal Mir140-null mice, suggesting that
Whnt11 de-repression is responsible for this particular phe-
notype (Nakamura et al. 2011). Nevertheless, the overall
skeletal phenotype is modest compared with Mir140-null
mice, indicating that other physiologically important tar-
gets of miR-140-5p exist.

DISCUSSION

Here, we demonstrate that the miRNA-5p and -3p stoichi-
ometry can be altered in mice by manipulating the 5" nt of
miRNA arms. We have found that mice with these stoichio-
metrically reversed mutations show a delay in epiphyseal
development. Additionally, through molecular analysis of
these models, we identified target genes of miR-140-5p,
including Wnt11. The removal of the miR-140-5p binding
site of the 3’ untranslated region of Wnt11 demonstrated
the direct regulation of miR-140-5p on Wnt11 expression
and its role in controlling epiphyseal development.
These results demonstrate that the stoichiometric inver-
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3p expression might counteract the
effect of miR-140-5p overexpression,
although this is unlikely given the ob-
servation that the reduction of miR-140-3p had only a mod-
est effect on the expression of predicted target genes.
Previously reported findings revealed that the regulatory
effect of MiRNAs on each target is generally modest, usual-
ly <50%, and more often <20% (Baek et al. 2008; Selbach
et al. 2008). In addition, the notion that miRNAs serve as
a "genetic buffer” to suppress aberrant expression of un-
desired genes to ensure the robustness of cellular pheno-
type also predicts that miRNAs should not have very
strong dose-dependent effects (Cassidy et al. 2013;
Posadas and Carthew 2014). Consequently, the reported
findings in combination with our results suggest that miR-
140-5p reduces undesired genetic expression effects with-
out many erroneous outcomes due to high concentration
of miR-140-5p.

Although a few hundreds of genes are predicted as miR-
140 targets by a prediction algorithm, the RNA-sequencing
analysis of the miR-140-CG, -C > T, and -KO models identi-
fied only a limited number of target genes. Computational
predictions do not address the cell-specific conditions, in-
cluding the relative abundance of target transcripts and the
miRNA of interest, and therefore, physiologically meaning-
fulinteractions between a miRNA and its targets need to be
determined experimentally. Nevertheless, we identified
only a limited number of targets genes for miR-140-5p
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and -3p. This result may be due to the sample variation out-
weighing the relatively modest effect on gene expression
caused by the miR-140 manipulation thus reducing the sen-
sitivity of the analysis. Although these limitations exist, the
Whnt11 mouse models provide evidence that this approach
can identify high confidence and physiologically meaning-
ful targets of a miRNA. Additionally, it is important to
note that a recent study analyzed the overexpression of
miR-140-3p miRNAs in which miR-140-3p targets using hu-
man articular cartilage were identified, including Rap1b,
Aldh1a3, Cap1, Rhoc, Tnfsf12, Pkp1, Nid1, Chst14, and
At1b2 (Woods et al. 2020). These identified miR-140-3p
targets are consistent with those found in the analysis of
our models, providing evidence for the validity of our ap-
proach. Because the cumulative distribution fraction analy-
sis showed relatively weak regulatory effects of miR-140-3p
compared with miR-140-5p, we focused on miR-140-5p in
this studly.

The Wnt11 models validated the regulatory role of the
miR-140-5p binding site in the 3’-UTR of the Wnt11 gene
and suggested that Wnt11 de-repression plays a causal
role in part of the phenotype of Mir140-null mice. Wnt11
isanoncanonical Wnt-ligand and is expressed in prehyper-
trophic chondrocytes (Church et al. 2002; Witte et al. 2009;
Kinsley et al. 2015). Wnt11 overexpression generally stim-
ulates chondrocyte marker expression in primary chondro-
cytes and mesenchymal progenitor cells (Bergwitz et al.
2001; Ryu and Chun 2006; Liu et al. 2014), although in ret-
roviral expression of Wnt11 in developing chick limbs
shows a limited effect on chondrocyte differentiation
(Church et al. 2002). It is, therefore, possible that the
Whnt11 up-regulation promotes the process of endochon-
dral bone development in these models.

Although Wnt11 expression was up-regulated in both
the Wnt11-Del and -LoxP models, we found that the rela-
tive expression of Wnt11 in the -LoxP model was greater
than the Wnt11-Del model. In addition, the Wnt11-LoxP
model showed acceleration of epiphyseal development
more consistently than the Wnt11-Del model. Since, in
both cases, the seed binding site is disrupted, we do not
know the precise reason for this difference. It is possible
that these minor genetic modifications might have created
a new regulatory element for trans-acting regulatory fac-
tors, such as RNA-binding proteins and other miRNAs, al-
though we did not find known binding motifs or significant
seed binding sites in the Del mutant sequence.

In summary, the reversing of the stoichiometry of
miR-140-3p and -5p by manipulating the 5 nt of miR-
140-3p and -5p miRNAs presents a useful approach to
identifying targets of miRNA regulation and analyzing
physiological roles of miRNAs in vivo. These results, in
combination with further downstream analysis of the
Wnt11 models in which the models showed a modest ac-
celeration in epiphyseal development when the miR-140-
5p binding site is disrupted, suggests that miR-140-5p

has only a modest regulatory effect on endochondral
bone development. Additionally, the regulation of miR-
140-5p on Wnt11, alone, only accounts for a portion of
miR-140-5p’s overall regulation.

MATERIALS AND METHODS

Animals

The animal experiments were approved by the Institutional
Animal Care & Use Committee (IACUC) of Massachusetts
General Hospital.

The genotyping of the miR-140-CG, miR-140-C > T, Super miR-
140, and Wnt11 Del and LoxP mice mutants was performed by us-
ing EconoTaqg PLUS GREEN Master mix (Lucigen). The following
primers were used for genotyping:

For detection of the Mir-140 CG mutant allele, Mir140-loop-
CG-F, 5-CGGGTTACGTCATGCTGTTCCG-3' and Mir140-loop-
common-R 5-ACCCAATAGACGCCTTAGCA-3. For Wt Mir140
allele, Mir140-loop-Wt-F, 5-GGTAGGTTACGTCATGCTGTTC
TA-3' and Mir140-loop common-R primer. For genotyping of
miR-140 C > T genotyping, a 216-bp genomic PCR product using
the primers, Mir140Crspr-F, 5'-TCTGTGTTCATCCCATCCTG-3'
and Mir140Crspr-R, 5-ATGGAGTCCTTCGATGCAGA-3 is di-
gested with Bfa1 and Bsr1 (New England Biolabs) that specifically
cutthe C>T allele and WT allele, respectively. Wnt11 Del mutant
genotyping was performed by PCR using the del mutant allele-
specific primer set Wnt11m1-5, 5-GCCCACCACATGGGT
TGTA-3' and Wnt11 C-3' 5-AGAGGGATTGAAGTGAGCCA-3/,
and WT allele-specific Wnt11 C-5, 5-GGAACCACTAACTTGGG
TTG-3' and Wnt11 C-3'primer. The Wnt11 LoxP allele is detected
by Wnt11 mut-3’, 5-GCTATACGAAGTTATTCCATGT-3' and
Wnt11 C-5'primer.

Mouse genome editing

CRSPR/Cas?-mediated mouse genome editing was performed
by the in vivo mouse genome editing method, i-GONAD, accord-
ing to the procedure as described with some modifications
(Ohtsuka et al. 2018), using the CD-1 outbred strain (Charles
River Laboratory). For miR-140-UGCG mutation, the founder
was generated in a hybrid of CD-1 and C57Bé6 strains, and subse-
quently backcrossed to CD-1 to establish F1 lines. Briefly, at 0.7 d
post coitum, the female was anesthetized by continuous inhala-
tion of isoflurane. The back of the mouse was shaved, fur was re-
moved with hair remover, and the skin was sterilized with alcohol
preps. Through a 1-cm-long skin incision, the skin and abdominal
muscle layer were bluntly separated. A 0.5 cm incision was made
to the muscle layer to access the abdominal cavity. The fat pad at-
tached to the ovary was identified and pulled outside of the body
to expose the oviduct. A total of 1.5 pL of CRISPR solution con-
taining 1 pg/pL of Cas9 (Sigma, or IDT) premixed with 10 mM
two-piece guide RNA (crRNA and tracrRNA, gRNA) (IDT) and
Tpg/pL of a single strand DNA repair template, was injected
into the oviduct either by puncturing the oviduct or through the
infundibulum. Then, in vivo electroporation was performed using
the square pulse generator, BTX-820 with the electrode tweezers,
CUY652P2.5X4 (Nepa Gene). The setting of the pulse generator
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was 50V, 5 msec, eight pulses, and the electrode gap was 0.5 cm.
After suturing the muscle layer and skin, the pregnant mother was
returned to the cage. Pups were genotyped for desired modifica-
tions, then mated with CD1 wild-type mice to establish the F1
lines. Heterozygous F1 mice were intercrossed to generate
homozygotes.

Single strand DNA repair templates were designed to have
symmetric 31-35-nt-long homologous sequence at both sides
of the central region containing the desired mutations. The se-
quences of crRNAs and repair templates are as follows:

For Mir140 CG mutation, crRNA binding sequence for the
guide RNA is 5-ACGTCATGCTGTTCTACCAC-3’ and the se-
quence of repair template is 5'-ctctctgtgtcctgcCAGTGGTTTTA
CCCTATGGCGGgttacgtcatgctgttc CGCCACAGGGTAGAACCA
CGGACagggtactggagc (Capital letters indicate miR-140-5p and
miR-140-3p sequence, underlined letters are the introduced
changes). For Mir140 C>T mutation, crRNA binding sequence
for the guide RNA is 5-CATAGGGTAAAACCACTGGC-3" and
the sequence of repair template is 5'-ggctcccgeectgtgtgtcetetetet
gtgtcctgc TAGTGGTTTTACCCTATGGTAGgttacgtcatgctg-3' (cap-
ital letters indicate miR-140-5p and miR-140-3p sequence and un-
derlined letter is the introduced change). For Mir140 UGCG
mutation, the same guide RNA for the C > T mutation was used,
and the sequence of the repair template is 5'-gtggct
ccecgecectgtgtgtetetetetgtgtectgc TGGTGGTTTTACCCTATGGCG
Ggttacgtcatgctgtt-3’ (capital letters indicate the mutant miR-140-
5p sequence and underlined letters are introduced changes). This
manipulation was performed using Mir140 CG mutant mice. For
Wnt11 UTR mutations, the crRNA binding sequence is 5-AA
ATTTACAACCCAAGTTAG-3' and the repair template sequence
for LoxP insertion is 5-TCTGGAATGTTCTTTGGGACCCTGT
GCCCACCACATGGAATAACTTCGTATAGCATACATTATACGAA
GTTATTGGGTTGTAAATTTTTATTTTCCTTCCCCTCTCCGTGG
G-3' (underlined letters indicate a LoxP sequence).

Histological analyses

Mice were killed at indicated ages, and the skull and tibias were
isolated and fixed in 10% formaldehyde/PBS. The tibias were
decalcified in EDTA for ~2 wk, and then the right hind limb
was processed in paraffin. Sagittal sections of the right hind
limb were taken at 6 pm. Sections were stained with
Hematoxylin and Eosin (H&E) or safranin-O according to the
standard protocols.

Primary rib chondrocyte isolation
and cell culture

Mice were killed at P10. Primary rib chondrocytes were isolated
from these mice as previously described with some modifications
(Nakamura et al. 2011) Following overnight collagenase diges-
tion, the cells were placed in 2 mL tubes, centrifuged, and the col-
lagenase mixture was removed from the cells. Cells were
resuspended in DMEM, 10% FBS, and 1% P/S. Cells were filtered
through a 0.40 pm strainer (Corning) into a six well plate (Corning).
Cells were cultured overnight in DMEM-containing 10% FBS and
antibiotics before harvesting.

862 RNA (2022) Vol. 28, No. 6

Real time PCR

Relative expression levels of miR-140-3p and -5p were assessed
by quantitative reverse transcription-PCR (gRT-PCR) using
QuantStudio3. RNA was isolated from primary rib chondrocyte
cell cultures by using the Direct-zol RNA MiniPrep Kit (Zymo).
The purified RNA samples were transcribed to cDNA for
miR140-3p and -5p using an miRNA cDNA Kit (QuantaBio) or
the TagMan miRNA Assay Kit (Thermo Fisher). gPCR primers for
miR140-3p and -5p and Ué were used with the universal primer
included in the QuantaBio kit.

Additional purified RNA was used for transcription to cDNA us-
ing the Verso cDNA Synthesis Kit using random hexamer (Thermo
Scientific). RT-qPCR was performed using SYBR Green Master Mix
(QuantaBio). The values were normalized using Actb.

Primer sequences used for RT-qPCR are as follows: Wnt11-L
5'-CAGGATCCCAAGCCAATAAA-3" and Wnt11-R 5-GACAGG
TAGCGGGTCTTGAG-3'; K9 -F 5-GCAGTGAGCTCCACATT
TCA-3’ and KIf9-R 5-CGCTAGTGATGGCTGTCGTA, and Actb-
L 5-GCACTGTGTTGGCATAGAGG-3’ and Actb-R 5-GTTCCGA
TGCCCTGAGGCTCTT-3'; pri-miR-140-F 5-GTTTGTTCTCCAG
CACCACA-3 and pri-miR-140-R 5-ACCACGTAGCCAAGGACA
AC-3'. For miRNA, quantification was performed with the
TagMan microRNA Assay Kit (Thermo Fisher).

Wild-type and -C > T and -CG mutant miR-140-5p’s were quan-
tified using the 5 primer that binds to the common sequence,
5-AGTGGTTTTACCCTATGG-3'. For Wt and CG mutant miR-
140-3p quantification, the miR-140-3p-specific primer mixture,
miR-140-3p 5-YRCCACAGGGTAGAACCAC-3', where Y and R
are equimolecular mixtures of C/T and A/G, respectively, was
used. The let-7a-5p primer sequence was 5-TGAGGTAGTAG
GTTGTATAGTT-3'. U6 was used as an internal control, Ué-F,
5-CGCTTCGGCAGCACATATAC-3'.

RNA immunoprecipitation

Primary rib chondrocytes from Mir140(CG/CG) and littermate
Mir140(+/+) mice were isolated as described elsewhere. Cells
were lysed with PBS containing 1% Triton X and 0.5% IGEPAL
630 according to the method previously described (Panshin and
Kondratov 2020). RNA was directly extracted using TRIzol from
10% of the cell lysates (Input). The rest of the cell lysates were
mixed with anti-Argonaute 2 (Ago2) antibody (Cell Signaling
Technology #2897) at the concentration suggested by the manu-
facturer for 3 h at room temperature. Then the Ago2 complex was
purified by incubating with protein A magnet beads (GenScript)
for an additional 3 h followed by five times of washing with PBS
containing 1% Triton X and 0.5% IGEPAL 630. RNA was directly
isolated from the beads using TRIzol. Purified RNA was subjected
to gRT-PCR analysis for miR-140-5p and -3- quantification.

RNA-sequencing analysis and bioinformatics

Purified RNA (>1 ug) was submitted to BGI for RNA-seq analysis.
The samples were sequenced using PE transcriptome sequencing
on the BGlseq 400 (GSE162266). In addition to the miR140-CG
and miR140-C > T RNA-seq analysis, miR-140-KO RNA-seq anal-
ysis from a previous report was used to identify miR-140 miRNA
targets (GSE98309). Normalized FPKM (fragments per kilobase
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of transcript per million) counts were used to determine differen-
tially expressed genes with the threshold of 20.5% change.
TargetScan Mouse (v. 7.2) was used to predict miR-140-5p or
miR-140-3p targets by taking into account the target site conser-
vation and cumulative weighted context ++ score (Agarwal et al.
2015).

Cumulative distribution fractions were performed by using pre-
dicted miR-140 target genes with conserved 8-mer miRNA
binding sites. The following gene set sizes were used: miR140-
3p.1, n=467, miR140-3p.2, n=496, and miR140-5p, n=434.
P-values were calculated by a one-sided Kolmogorov-Smirnov
(K=S) test for either up-regulation or down-regulation. Default
RStudio’s empirical cumulative distribution fraction function was
used to create the cumulative distribution fraction.

Immunoblot analysis

Protein lysates from primary chondrocytes were prepared in 4x
laemmli SDS sample buffer (Boston Bioproducts), denatured, sep-
arated in polyacrylamide gels 4%-20% (GeneScript), transferred
on to nitrocellulose membranes, and subjected to immunoblot
analysis using a Wnt11 antibody (Invitrogen # PA5-21712,
1:750) and a histone 3 antibody (Cell signaling #4499, 1:2000) ac-
cording to a standard protocol. Signals were visualized by chemi-
luminescence (Thermo Fisher) and quantified on acquired images
using ImageJ or the measurement function of Photoshop (Adobe
ver.23.2).

Luciferase reporter assay

A 255-bp DNA fragment containing the miR-140-5p binding site
of Wnt11 3’-UTR was PCR-amplified and cloned into pMIR-
REPORT firefly luciferase plasmid at Spe | and Hind lll. The under-
lined miR-140-5p binding seed sequence, 5-CATGGAA
CCACTAACT-3" was mutated to the mutant sequence,
5-CATGCTAGGTGAAACT-3'. A total of 0.1 pg of these con-
structs were cotransfected with a Renilla luciferase control plas-
mid and 10 pmol of miR-140-5p or a control MiRNA mimic
(miRIDIAN  microRNA mimic negative control #1, Horizon
Discovery) into a well of 96 well of HEK293-T cells using the
DharmaFECT Duo transfection reagent (Horizon Discovery).
Two days after transfection, cells were lysed in a passive lysis buff-
er, and Firefly and Renilla luciferase activities were quantified us-
ing the Firefly & Renilla Dual Assay Kit (Biotium). The luciferase
activity values were normalized by those of the cotransfected
Renilla luciferase.

Statistical analysis

For all bar graphs, the data are expressed as the mean = SEM.
Statistical significance between two groups and multiple groups
was determined by Student t-test and ANOVA, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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