
RESEARCH ARTICLE
An miRNA derived from amelogenin exon4 regulates
expression of transcription factor Runx2 by directly targeting
upstream activators Nfia and Prkch
Received for publication, July 26, 2021, and in revised form, March 2, 2022 Published, Papers in Press, March 7, 2022,
https://doi.org/10.1016/j.jbc.2022.101807

Rozana Shemirani1, Gan Lin1, Dawud Abduweli Uyghurturk1, Michael Le2, and Yukiko Nakano1,3,*
From the 1Department of Orofacial Sciences, 2Department of Preventive and Restorative Dental Sciences, and 3Center for
Children’s Oral Health Research, School of Dentistry, University of California, San Francisco, USA

Edited by Ronald Wek
Amel, the gene encoding the amelogenin protein involved in
enamel formation, is highly alternatively spliced. When exon4
is excised, it can form a mature miRNA (miR-exon4) that has
previously been suggested to indirectly regulate expression of
the Runt-related transcription factor 2 (Runx2) involved in
bone development in ameloblasts and osteoblasts. However,
the precise mechanism of this regulation is unclear. In this
study, we aimed to identify direct targets of miR-exon4. The
transcription factor family nuclear factor I/A (NFI/A) is known
to negatively regulate expression of Runx2 and is among the
most highly predicted direct targets of miR-exon4 that link to
Runx2. Immunostaining detected NFI/A in osteoblasts and
ameloblasts in vivo, and reporter assays confirmed direct
interaction of the Nfia 30-UTR and miR-exon4. In addition,
silencing of Nfia in MC3T3-E1-M14 osteoblasts resulted in
subsequent downregulation of Runx2. In a monoclonal sub-
clone (mi2) of MC3T3-E1 cells wherein mature miR-exon4 was
functionally inhibited, we observed significantly downregulated
Runx2 expression. We showed that NFI/A was significantly
upregulated in mi2 cells at both mRNA and protein levels.
Furthermore, quantitative proteomics and pathway analysis of
gene expression in mi2 cells suggested that miR-exon4 could
directly target Prkch (protein kinase C-eta), possibly leading to
RUNX2 regulation through mechanistic target of rapamycin
kinase activation. Reporter assays also confirmed the direct
interaction of miR-exon4 and the 30-UTR of Prkch, and
Western blot analysis confirmed significantly upregulated
mechanistic target of rapamycin kinase phosphorylation in mi2
cells. Taken together, we conclude that Nfia and Prkch
expression negatively correlates with miR-exon4-mediated
Runx2 regulation in vivo and in vitro, suggesting miR-exon4
directly targets Nfia and Prkch to regulate Runx2.

Amelogenin is expressed over the whole body, including
osteoblasts (1–3), and exceptionally highly expressed in
enamel organs (1). Amelogenin pre-mRNA is highly alterna-
tively spliced producing two major mRNAs for an enamel
matrix protein (M180 in mice and H174 in humans) and a
signaling protein (leucine-rich amelogenin peptide) (4–7).
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During this event, exon4 is mostly spliced out (8, 9), and the
importance of the spliced out exon4 has not been well inves-
tigated. Exon4 sequence is highly conserved among species
(10), and we previously reported that a novel miRNA is derived
from the spliced out exon4 (miR-exon4) (11).

Mature miRNAs are a class of naturally occurring and small
noncoding single-stranded RNA consisting of 18 to 24 nu-
cleotides. They bind to target mRNAs to modulate protein
synthesis and mRNA degradation in many organs/tissues,
including teeth (12), resulting in altered development,
apoptosis, and cell cycle regulation (13). Mammalian miRNA
loci reside in introns or exons of their pre-mRNA host genes,
sharing promoters, or exist as separate genes transcribed from
their own promoters (14). An exonic miRNA is created by the
host gene’s alternative splicing or through transcription by an
independent promoter (15).

In our previous study (11), we confirmed the production of
miR-exon4 from the amelogenin gene by transfecting an
amelogenin minigene (16), which contains the translated re-
gion of mouse Amel (exons 2–7 and introns 2–6). In vivo,
mature miR-exon4 is present in ameloblasts and osteoblasts
(11). Nevertheless, we do not know how miR-exon4 contrib-
utes to enamel and bone formation yet. As each miRNA can
repress hundreds of genes, and one-third of the human
genome is estimated to be regulated by miRNAs (17), identi-
fying the direct targets of miR-exon4 is crucial to under-
standing its role.

Previously, we found that Runt-related transcription factor 2
(Runx2) is a downstream target of miR-exon4 in ameloblasts
and osteoblasts using cell culture and mouse models (11). Our
data showed that reduced miR-exon4 expression resulted in
downregulation of Runx2 in vivo, and miR-exon4 mimic
induced Runx2 expression in vitro. However, in principle,
miRNAs function to downregulate target mRNAs through
inhibiting translation or inducing degradation. These results
are contrary to the principle of the functional mechanism of
miRNAs. Thus, we postulated that Runx2 is not a direct target
of miR-exon4. Most likely, miR-exon4 directly regulates
another gene, which further negatively regulates Runx2.

RUNX2 is a critical and well-established transcription factor
for osteoblast differentiation and thus bone matrix formation
and mineralization (18) and also enamel mineralization in
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Figure 1. miR-exon4 targets Nfia. A and B, immunohistochemical staining
on mixed (C57BL/6J × SJL) mouse bone (A) and enamel organ (B) shows
apparent positive signals on the nucleus of osteoblasts (A, arrows) and
ameloblasts (B, Am). Bars represent 25 μm. C, incubation of 30UTR Nfia
luciferase reporter and miR-exon4 mimic significantly reduced the luciferase
activity compared with a reporter only (*p < 0.05) and reporter plus
negative siRNA (#p < 0.05) controls. D, when transfection of siRNA for Nfia
in MC3T3-E1 osteoblasts significantly reduced Nfia compared with non-
transfection control (**p < 0.01) and negative control (##p < 0.01). Runx2
expression is significantly upregulated compared with nontransfection
control (*p < 0.05) and negative control (#p < 0.05). The biological
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humans (19–21) and mice (22). Therefore, in this study, we
focused on the axis regulating Runx2 and attempted to
determine the direct target of miR-exon4 using osteoblasts as a
model for this axis. We found that miR-exon4 directly targets
Nfia and Prkch (protein kinase C-eta [PKCη gene]) in osteo-
blasts and further confirmed that it applies in the ameloblasts.

Results

Nfia is a direct target of miR-exon4

To identify genes that potentially intermediate between
miR-exon4 and Runx2, we used a web-based computational
prediction algorithm DIANAmicroT 3.0 (http://diana.imis.
athena-innovation.gr/DianaTools/index.php?r=site/page&view
=software (23)) and screened out 133 potential mouse miR-
exon4 targets. Among the potential targets (Data S1), we
further selected the molecules that may negatively regulate
Runx2 expression by Ingenuity pathway analysis (IPA)
(Qiagen). Nfia was a molecule with the highest score among
those associated with Runx2 and was the only one known to
negatively regulate Runx2 mRNA (in total fifth top score of
133 miR-exon4 candidates) (24). Immunostaining showed
nuclear factor I/A (NFI/A) protein in osteoblasts (Fig. 1A) and
ameloblasts (Fig. 1B), suggesting a possible direct regulation of
Nfia by miR-exon4 in those cells. We examined the interaction
of miR-exon4 and Nfia using in vitro miRNA target validation
reporter assay to test this possibility. We found a significant
reduction of the luciferase reporter signal derived from the
plasmid vector, which contained 30UTR of Nfia, when adding
miR-exon4 mimic compared with without miR-exon4 mimic
and negative control oligonucleotide (Fig. 1C). It indicates that
miR-exon4 regulates Nfia by directly binding to the 30UTR.
NFI/A is known to bind the cell-specific protected region in
the Runx2 promoter and represses the promoter activity of
Runx2 in osteoblasts (24). To further confirm NFI/A-Runx2
regulation, we silenced Nfia in MC3T3-E1 osteoblasts and
observed significantly upregulated Runx2 expression (Fig. 1D).

Osteoblast as a model to test a pathway from miR-exon4 to
Runx2

In search of the in vitro model investigating the miR-exon4-
Runx2 axis, we found in our preliminary study that existing
ameloblast-like cell culture models did not react to the loss of
miR-exon4 as they expressed a low level of amelogenin as well
as miR-exon4 (data not shown). Also, those cell culture models
cannot go through the cell differentiation process forming
enamel matrix, like in vivo. Thus, we aimed to use osteoblast
culture as a model to analyze the miR-exon4 to RUNX2
pathway as we previously confirmed the presence of
miR-exon4 in mouse osteoblasts (11), and RUNX2 is a
well-known regulator of osteoblast differentiation. To validate
the use of osteoblast culture for miR-exon4 study, we first
examined the expression profile of miR-exon4 in a mouse
replication of each experimental group is shown as the points in each plot.
Statistical significance was analyzed by the two-tailed multiple t tests with
Bonferroni correction following ANOVA.
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calvarial primary osteoblast culture. miR-exon4 was present in
the Amel WT primary osteoblasts throughout the culture
period, and the level of miR-exon4 was higher at the earlier
culture period (Fig. 2A, black). The Runx2 expression pattern
goes up in the same culture period as differentiation pro-
gresses (Fig. 2B, black).

Previously Atsawasuwan et al. (1) reported that primary
osteoblasts of Amel KO mice show significantly reduced
Runx2 mRNA, whereas those in calvariae in vivo were the
same as WT. Similar to their findings, our primary osteoblast
Figure 2. miR-exon4 in primary osteoblast culture. A, expression of mature
progresses in Amel WT (in black). miR-exon4 expression in Amel KO primary o
(orange). *p < 0.05, **p < 0.01. B, Runx2 expression in Amel WT primary osteob
culture, Runx2 expression in Amel KO primary osteoblasts is significantly dow
osteoblasts of Amel KO mice, Osx and Col1a1 expression are significantly dow
culture, the primary osteoblast culture of Amel KO mice shows apparently red
expression in Amel KO was significantly upregulated at days 9 (**p < 0.01) and
each experimental group is shown as the points in each plot. Statistical signifi
culture of Amel KO mice expressed significantly reduced
mRNA of Runx2 at days 3 and 9 of the culture (Fig. 2B, or-
ange), whereas in vivo, Runx2 expression was maintained as
the WT in osteoblasts directly harvested from calvariae (11).
Moreover, in this study, we observed that miR-exon4 in Amel
KO primary osteoblasts was significantly downregulated at all
three points of the culture period compared with the WT
primary osteoblasts (Fig. 2A, orange). Considering miR-exon4
expression level in Amel KO osteoblasts in vivo somehow
maintained at the same level of WT (11), change in miR-exon4
miR-exon4 is at the highest level on day 3 and goes down as differentiation
steoblasts is significantly reduced compared with WT in each culture point
lasts goes up as the culture period goes by (in black). On days 3 and 9 of the
nregulated compared with WT (in orange). *p < 0.05. In the day 3 primary
nregulated compared with the WT (*p < 0.05, **p < 0.01). C, on day 16 of
uced Alizarin Red–positive mineral nodules compared with the WT. D, Nfia
15 (*p < 0.05) of culture compared with the WT. The biological replication of
cance was analyzed by independent Student’s t tests following F test.
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expression pattern looked like synchronizing to Runx2
expression in osteoblasts. The likely correlating reduction of
miR-exon4 and Runx2 also happens in mouse enamel organs
of Amel KOmouse in vivo (11), suggesting osteoblast culture is
an appropriate in vitro model to examine the miR-exon4-
Runx2 axis. This system also showed downregulation of osterix
(Osx) and collagen type I alpha 1 chain, osteoblast differenti-
ation markers and direct downstream molecules of Runx2
(Fig. 2C), and reduced bone nodule formation (Fig. 2D).
Expression of Nfia was significantly upregulated at days 9 and
15 of culture but not at day 3 (Fig. 2E). Since Amel KO culture
also lacks amelogenin protein, which has signaling functions
and induces osteogenesis (4), the absence of amelogenin pro-
tein possibly influences the change in molecular activity.
Therefore, we aimed to explore the miR-exon4-Runx2 axis in
osteoblasts that only miR-exon4 is inhibited in the following
studies.
Inhibition of miR-exon4 resulted in downregulation of Runx2
without changing cell viability

To explore the pathway from miR-exon4 to Runx2 in a
stable and reproducible osteoblast culture system, we tested
the effect of lacking active miR-exon4 using MC3T3-E1 sub-
clone M14 osteoblasts. The subclone M14 is known to
differentiate with clearly distinct stages, and the extracellular
matrix mineralizes as bone nodules by supplementing ascorbic
acid (AA) and beta-glycerophosphate (βGP) in the culture
medium (25). In the passage range we used in this study
(passage 20–30), cells went through differentiation and matrix
deposition stage during days in the culture of 0 to 15 and
formed mineralized bone nodule after day 15. Throughout the
27 days of the culture period, the alkaline phosphatase
(ALPase) activity of the culture increased (Fig. S1). Like the
primary osteoblasts, MC3T3-E1 M14 osteoblasts expressed
miR-exon4 in the entire culture period, with the highest level
at the culture day 3 and lowest at day 15. Expression of Runx2
showed a similar profile of miR-exon4 (Fig. 3A).

Using MC3T3-E1 M14 osteoblasts, we further generated
monoclonal subclones, in which mature miR-exon4 was
permanently inhabited by the miR-exon4 inhibitor delivered
via a lentiviral vector. Subclones mi2 and mi4 were selected
among the 10 subclones according to the inhibition level of
Runx2 expression at day 3 of the culture (Fig. 3B). Later, on
days 9, 15, and 21 of culture, Runx2 expression was consis-
tently suppressed in the subclone mi2 compared with non-
transduced control and negative control, whereas the subclone
mi4 did not show the significant suppression of Runx2 at days
15 and 21 (Fig. 3, C–E). The subclone mi2 also did not show
any change in cell viability throughout the culture compared
with the controls. In contrast, the viability of mi4 was
moderately but significantly reduced at days 9 and 23 (Fig. 3F).
On day 3 of culture, expression of Osx was also significantly
suppressed in both mi2 and mi4 (Fig. 3G). We selected the
subclone mi2 for the subsequent studies as it showed the most
stable Runx2 reduction associated with the lack of active miR-
exon4.
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Inhibition of miR-exon4 resulted in upregulated NFI/A protein
in the subclone mi2

To examine if the lack of active miR-exon4 affects NFI/A,
NFI/A was detected in the total protein extract at days 3 and 9
of culture (Fig. 4, A and C). Western blotting and following
intensity analysis normalized with the total protein showed
significantly upregulated NFI/A protein in the subclone mi2
compared with the nontransduced control at day 9 of culture
(Fig. 4D) but not at day 3 (Fig. 4B). As an miRNA suppresses
the translation of target mRNA to protein and also causes
decay of the target mRNA (26–29), we also examined the level
of Nfia mRNA. Consistent with protein, Nfia mRNA level was
not significantly changed in the subclone mi2 at day 3 (Fig. 4E),
whereas at day 9, Nfia was significantly upregulated compared
with controls (Fig. 4F). On day 15, Nfia mRNA level was also
significantly upregulated in mi2 compared with the controls
(Fig. S2). These data indicate that miR-exon4 targets Nfia at
day 9 and likely day 15 of osteoblast differentiation. The not
significant change in NFI/A protein and mRNA levels
observed in day 3 culture of mi2 osteoblasts suggests stage-
specific interaction of miR-exon4 and its targets during oste-
oblast differentiation.
miR-exon4 also targeted Prkch to regulate Runx2 expression
in osteoblasts

To further explore the miR-exon4 targets at the earlier stage
of the osteoblast culture, quantitative proteomics analysis was
performed using the total protein extracts of cells at day 3 in
the culture. It identified 58,704 peptides and 5283 proteins
(Data S2), among which 53 proteins were significantly upre-
gulated (fold change >1.5; p < 0.05). Comparing genes for
these proteins with the computationally predicted direct tar-
gets of miR-exon4 in human and mouse genes (DIANAmicroT
3.0), 32 genes in mice and 20 genes in humans (37 genes in
total) were commonly included (Fig. 5A). Associations of these
common genes with Runx2 were then analyzed by IPA (Qia-
gen). We first confirmed that none of the 37 genes and their
translated proteins directly associate with Runx2. Therefore,
we attempted to find the indirect association of candidate miR-
exon4 and Runx2 using proteomics data of mi2. IPA causal
network analysis found that among the affected canonical
pathways in the mi2, 349 molecules were found in the over-
lapping pathways that share the common genes participating
with at least one other pathway. Among 349 molecules, five
molecules (Ppp2r1b, Myl9, Prkch, Dnajc21, and Myl12a) were
with fold change >1.5 in differential expression analysis of
proteomics, and four of them (Ppp2r1b, Myl9, Prkch, and
Dnajc21) were common in mouse and human. Thus, these
four molecules were the most plausible miR-exon4 direct
targets. The possible pathways from the four molecules to
RUNX2 were built by the IPA and applied to IPA expression
analysis of mi2. Comparing the –log(p value): 5.306 (Prkch),
2.083 (Ppp2r1b), 2.024 (Myl9), 1.272 (Dnajc21) (p <
0.05, −log(p value) > 1.30 is significant by Fisher’s t test), we
selected PKCη mRNA (Prkch) as the molecule with the highest
–log(p value) to further explore the possible pathway link to



Figure 3. Monoclonal subclones of MC3T3-E1 M14 osteoblasts that miR-exon4 is functionally inhibited. A, expression of miR-exon4 and Runx2 in
MC3T3-E1 M14 osteoblasts. Both of them are expressed at the highest level on day 3 of culture and go down as the cells differentiate. B, Runx2 mRNA level
in the monoclonal subclones of MC3T3-E1 M14 osteoblasts at day 3 in culture. All subclones except mi10 show significant (*p < 0.05, **p < 0.01) reduction
in Runx2 compared with the nontransduced control. All subclones show a significantly reduced (##p < 0.01) Runx2mRNA level than the negative control. C–
E, later, at days in culture 9, 15, and 21, subclone mi2 shows consistent reduction of Runx2 mRNA compared with nontransduced control (*p < 0.05, **p <
0.01) and negative control (##p < 0.01). F, cell proliferation of subclone mi2 does not significantly differ from the nontransduced control (*p < 0.05 except
day 9) and negative control throughout the culture period. G, Osx mRNA level is also significantly reduced in subclones mi2 and mi4 compared with
nontransduced control (**p < 0.01) and negative control (##p < 0.01). Statistical significance was analyzed by the two-tailed multiple t tests with Bonferroni
correction following ANOVA. The biological replication of each experimental group is shown as the points in each plot.

miR-exon4 regulates Runx2 via targeting Nfia and Prkch

J. Biol. Chem. (2022) 298(5) 101807 5



Figure 4. Protein and mRNA levels of NFI/A in subclone mi2.Western blotting for NFI/A at day 3 (A and B) and 9 (C and D). The intensity of each band for
NFI/A was normalized by the corresponding lane’s total protein (A and C). The normalized intensity compared between nontransduced and mi2 (B and D)
demonstrates significant upregulation of NFI/A in mi2 at day 9 (*p < 0.05) but not at day 3. Statistical significance was analyzed by independent Student’s t
tests following F test. Consistent with protein, Nfia mRNA was also upregulated in the subclone mi2 at day 9 compared with nontransduced control
(**p < 0.01) and negative control (##p < 0.01) (F), whereas there is no change in the samples of day 3 (E). Statistical significance was analyzed by the
two-tailed multiple t tests with Bonferroni correction following ANOVA. The biological replication of each experimental group is shown as the points in each
plot.
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Runx2. Overlaying the predicted upregulation/downregulation
and actual fold change of the proteomics analysis to the
possible pathway from PKCη to RUNX2 in IPA, we found a
most plausible cascade shown in Figure 5B (top). If this
6 J. Biol. Chem. (2022) 298(5) 101807
predicted chain of reactions happens, Prkch has to be a direct
target of miR-exon4, and mechanistic target of rapamycin ki-
nase (mTOR) must be phosphorylated at Ser2448. As 30UTR
of Prkch was the predicted binding site of miR-exon4 in the



Figure 5. miR-exon4 induces mTOR activation via PKCη. A, list of gene names commonly found in proteomics data (fold change >1.5) and predicted
human or mouse miR-exon4 targets. Fold change and p value are from proteomics. B, a potential signaling cascade from miR-exon4 to RUNX2 (top). Bottom,
Actual upregulation (in yellow) and downregulation (in blue) in subclone mi2 at day 3 of culture. Each number indicates fold change detected in proteomics
or qPCR analysis. C, Luciferase reporter activity derived from a vector with Prkch 30UTR. The presence of miR-exon4 significantly suppresses the luciferase
activity in the cell culture with a reporter vector with Prkch 30UTR. (p < 0.05). miR-exon4 mimic does not change the luciferase reporter signal in the cell
culture with the negative control vector. D, Western blotting of mTOR and phosphorylated mTOR in the day 3 osteoblast extracts. Quantification analysis
after the normalization with GAPDH bands showed that phosphorylated mTOR is significantly upregulated in mi2 (p < 0.05). Image of mTOR Western
blotting is split at the border of nontransduced control and mi2 for the presentation purpose. The biological replication of each experimental group is
shown as the points in each plot. Statistical significance was analyzed by independent Student’s t tests following F test. mTOR, mechanistic target of
rapamycin kinase.
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computational analysis, we examined the binding between
miR-exon4 and 30UTR Prkch by a luciferase reporter assay. It
confirmed the significant reduction of the luciferase reporter
signal when mixing with the miR-exon4 mimic (Fig. 5C).
Western blotting analysis using the protein extract of the mi2
at day 3 showed significant upregulation of Ser2448 phos-
phorylated mTOR (Fig. 5D), while no change in mTOR.
Together, these data suggest that when miR-exon4 is inhibited,
PKCη-driven mTOR activation occurs. It further changes the
expression of mediators, which results in downregulation of
Runx2 expression (Fig. 5B, bottom).

Nfia and Prkch mediated miR-exon4-Runx2 axis in both
osteoblasts and ameloblasts in vitro and in vivo

To examine if Nfia and Prkch also mediate the miR-exon4-
Runx2 axis in ameloblasts, we measured Nfia and Prkch
mRNA expression in our previously published ameloblast
model systems in which miR-exon4 expression was altered
(11). In support of the changes seen in osteoblasts in vitro, the
miR-exon4-related upregulation in Nfia and Prkch mRNA was
observed in vivo in the enamel organ of postnatal 5 (P5) Amel
KO mice, a model lacking miR-exon4 in enamel organ (11),
compared with WT (Fig. S3). Also, in vitro, when miR-exon4
mimic was transiently transfected and caused Runx2 upregu-
lation (11), LS8 ameloblastic cells showed downregulation of
Nfia and Prkch (Fig. S4). Furthermore, in osteoblasts of Amel
KO mice in vivo, where miR-exon4 expression did not change,
Runx2 (11), Nfia, and Prkch were also unchanged compared
with the WT (Fig. S5). Whereas in the primary osteoblast
culture, where miR-exon4 and Runx2 were downregulated in
the Amel KO (Fig. 2, A and B), Nfia was upregulated at days 9
and 15 of culture (Fig. 2D), and Prkch was upregulated at day 3
(Fig. S6). The changes in expression of miR-exon4, Runx2,
Nfia, and Prkch in the two cell types in vivo and in vitro were
summarized in Figure 6. The consistency of correlated
Figure 6. Summary of miR-exon4, Runx2, Nfia, and Prkch expression and
were observed under the different genetic and experimental conditions in
experimental models, when miR-exon4 expression changes, Runx2, Nfia, and
molecule’s expression changes are summarized in the miR-exon4-Runx2 axis (to
axis confirmed through the experiments (bottom). Solid line: direct regulation;

8 J. Biol. Chem. (2022) 298(5) 101807
expression patterns of miR-exon4, Runx2, Nfia, and Prkch
throughout our model systems indicates that Nfia and Prkch
mediate the miR-exon4-Runx2 axis in both osteoblasts and
ameloblasts.

Discussion

We previously reported that alternative splicing of
amelogenin pre-mRNA produces a new type of derivative,
miR-exon4, from spliced out exon4 (11). Considering the
importance of the amelogenin gene in dental enamel forma-
tion and the high rate (80%) of exon4 spliced out during the
amelogenesis (11), a certain contribution of miR-exon4 was
expected. Identifying the direct targets and pathways that miR-
exon4 is involved in is crucial in order to understand the
biological role of miR-exon4. As our previous in vivo and
in vitro study suggests the possible indirect regulation of
Runx2 by miR-exon4 in osteoblasts and ameloblasts (11), we
chose the molecular cascade from miR-exon4 to Runx2 to
examine in this follow-up study.

Our first candidate target of miR-exon4 was Nfia. NFI/A
belongs to the NFI protein family, which function as cellular
transcription factors for multiple genes by forming homo-
dimers or heterodimers. NFI/A is known to bind the cell-
specific protected region in the Runx2 promoter and
represses the promoter activity of Runx2 (24). Although
Zambotti et al. reported that the UMR106 osteoblast culture
did not express Nfia mRNA, here in our study, NFI/A protein
was detected in osteoblasts and ameloblasts in vivo by im-
munostaining. Also, the presence of NFI/A protein and mRNA
was confirmed in MC3T3-E1 osteoblast culture. In amelo-
blasts, gene expression of Nfia is also confirmed throughout
the ameloblast differentiation according to the microarray data
of mouse and rat enamel organ available at the National
Center for Biotechnology Information microarray database
(Gene Expression Omnibus accession numbers: GSE59401
molecular cascade. A, changes in miR-exon4 and mRNA expression, which
osteoblasts and ameloblasts in vivo and in vitro, are summarized. In all
Prkch also change accordingly. *Previously published data (11). B, the four
p). It supports the suggested regulatory relationship of the molecules in the
dashed line: indirect regulation.
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(30) and GSE57224 (31)). In addition, considering the signifi-
cant role of another NFI family member protein, NFI/C, in
bone and teeth formation (32–34), it is possible the NFI/A also
plays a pivotal role in bone and enamel formation. Neverthe-
less, the exact role of NFI/A both in osteoblast and ameloblasts
is not well known yet.

In this study, our reporter assay confirmed the direct
interaction of miR-exon4 and Nfia. The upregulation of NFI/A
protein and Nfia mRNA in the osteoblast culture lacking the
functional miR-exon4 also supports Nfia as a direct target of
miR-exon4. Thus, we propose a cascade that miR-exon4 reg-
ulates NFI/A, which further negatively regulates Runx2
expression. A possibility that this cascade also happens in vivo
is supported by the observation of a significantly upregulated
Nfia expression in P5 Amel KO enamel organ, an in vivo
model of reduced miR-exon4 and Runx2 in enamel organ,
compared with WT.

miRNA is known to cooperate with transcriptional factors
and regulate target molecules’ expression in the developmental
stage-specific manner by forming feedback loops (35, 36). This
functional mechanism seems universal from plant to mam-
mals, including craniofacial tissue development of mice (37,
38). In this study, we also observed the significant regulation of
Nfia by miR-exon4 in a specific culture period of MC3T3-E1
osteoblasts. If miR-exon4 targets Nfia throughout the culture
and is an absolute regulator, the expression profile of these two
molecules would be opposite as the culture period goes by.
However, the expression profile of Nfia mRNA in MC3T3-E1
osteoblasts shows a similar pattern as miR-exon4 and Runx2
(data not shown), suggesting miR-exon4 targets Nfia not
throughout the differentiation but at a limited time.

Prkch is another target of miR-exon4 direct we identified in
this study. Compared with the direct relation of NFI/A and
Runx2, the proposed cascade from Prkch to Runx2 is more
complicated and indirect. Thus, the general application of this
cascade other than the MC3T3-E1 cell culture is not certain.
However, the correlated expression profile of miR-exon4,
Runx2, and Prkch in ameloblasts indicates the possibility that
this cascade also commonly works in multiple cells and tissues.
Specially, the upper half of the cascade, PKCη-driven mTOR
activation, is more direct and could happen in different cells
and tissues. mTOR signaling is known to have substantial roles
in skeletal development, including stimulating osteoblast dif-
ferentiation (39, 40). Pathway analysis of our proteomics data
shows that mTOR signaling, including 76 molecules, is one of
the significantly changed canonical pathways in subclone mi2
compared with the control (p < 3.95E-15, activation z score =
0.603). Although PKCη is the only confirmed direct target of
miR-exon4 among the 76 molecules, all 37 upregulated mol-
ecules among the 76 molecules are listed in the computa-
tionally predicted miR-exon4 targets. The fold change of these
37 molecules is less than 1.5. However, considering the mild
effect (less than 2–3 fold change) of an miRNA on the indi-
vidual target genes (27, 41–43), also that the magnitude of the
change in target mRNA level depends on the abundance of the
target mRNA (26), these 37 molecules are also possibly tar-
geted by miR-exon4. Thereby, the considerable contribution of
miR-exon4 in regulating mTOR signaling and further osteo-
blast differentiation is suggested.

RUNX2 is a critical transcription factor for osteoblast dif-
ferentiation (18) by regulating multiple downstream genes,
including Osx. Mutations in the Runx2 gene are also known to
cause heredity enamel defects (19–21). In teeth, RUNX2 is
known to negatively regulate Sonic hedgehog (SHH) signaling
(44), which has an important role in the ameloblast differen-
tiation at the early stages of development (45, 46). RUNX2 also
regulates both odontogenic ameloblast–associated protein
(ODAM) expression and amelotin promoter activity (47, 48) in
ameloblasts. Our previous report found significantly upregu-
lated ShhmRNA expression and downregulation of Odam and
amelotin mRNAs in secretory-stage enamel organs compared
with WT (11). In ameloblasts, RUNX2 also regulates Amel
expression, resulting in enamel defects (22). Thus, a substan-
tial role of Runx2 is suggested in ameloblast differentiation,
like in osteoblasts.

In this study, we focused on RUNX2 as a downstream of
miR-exon4 and investigated the direct targets of miR-exon4
employing the similar importance of RUNX2 in both osteo-
blasts and ameloblasts. Amel KO mouse is a model of reduced
miR-exon4 in ameloblasts (11). However, in osteoblasts
directly harvested from Amel KO mice, while Amel mRNAs
are still downregulated, miR-exon4 and Runx2 expression is
maintained at the same level of WT (11), supporting the re-
ported mild bone phenotype in Amel KO mice (1). Interest-
ingly, however, in primary osteoblast culture, the expression
level of miR-exon4 and Runx2 and bone nodule formation
were significantly reduced in Amel KO compared with WT.
Although the reason for the discrepancy between in vivo and
ex vivo is not apparent and yet to be investigated, these data
also support the potential correlation of miR-exon4 and
Runx2.

The connection between miR-exon4 and Runx2 found in
this study suggests the significant roles of miR-exon4 in
osteoblast and ameloblast differentiation. Quantitative prote-
omics analysis, which detected multiple proteins upregulated
by miR-exon4 inhibition, indicates more direct targets of miR-
exon4 besides Nfia and Prkch. With further investigation of
these upregulated molecules in the future, the functional
mechanisms and significance of miR-exon4 will be more
clarified.
Experimental procedures

Animal

Amel WT mice that were maintained as mixed mice
(C57BL/6J × SJL) and Amel KO mice (a kind gift from Dr
Carolyn Gibson, University of Pennsylvania) (49) colonies were
maintained at the University of California, San Francisco
(UCSF) animal facility. The UCSF Animal Care Committee
approved the animal handling protocol. At P5, mice were
euthanized, and mandibles were dissected for immersion fix-
ation in 4% paraformaldehyde in a 0.06 M sodium cacodylate
buffer (pH 7.3) at 4 �C for 24 h. After decalcification in 8%
EDTA (pH 7.3), samples were processed for routine paraffin
J. Biol. Chem. (2022) 298(5) 101807 9
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embedding and sectioning. For some mice, calvariae were
harvested and processed for primary osteoblast culture. Also,
calvarial osteoblasts and molars were harvested from some
mice for total RNA extraction as described previously (11).

Immunohistochemistry and imaging

Longitudinal sections of the mixed (C57BL/6J × SJL) mouse
mandibles were deparaffinized and then incubated with 10%
swine and 5% goat sera, followed by incubation with primary
antibodies, rabbit anti-NFI/A (Thermo Fisher Scientific; cata-
log no.: PA5-35936) overnight at room temperature. A bio-
tinylated swine anti-rabbit immunoglobulin G F(ab’)2 fraction
(Dako Cytomation; catalog no.: E0431) was used as the sec-
ondary antibody for 1 h at room temperature incubation,
followed by incubation with ALPase-conjugated streptavidin
(Vector Laboratories, Inc) for 30 min. According to the
manufacturer’s instructions, the immunoreaction was visual-
ized with the Vector Red Alkaline Phosphatase Substrate Kit
(Vector Laboratories, Inc). Levamisole (1 mM) was added to
the reagents as an inhibitor for endogenous tissue nonspecific
ALPase. Counterstaining was done with methyl green. Normal
rabbit or mouse serum immunoglobulin G was used in nega-
tive controls. Immunoreactions were observed under a light
microscope (Nikon E800 System; Nikon TMS) and photo-
graphed using Q Capture Imaging software to evaluate stain-
ing intensity. Adobe Photoshop software (Adobe Systems, Inc)
was used to adjust image contrast minimally. Image analysis
was independently assessed and compared by two separate
investigators.

Luciferase reporter assay

Two dual reporter vectors encoding, SV40 promoter–driven
MetLuc (Metridia luciferase) followed by entre 30UTR of
mouse Nfia and CMV promoter–driven enhanced GFP
(EGFP) (Vector Builder), and SV40 promoter–driven secreted
GLuc (Gaussia luciferase) followed by entire mouse Prkch
30UTR and CMV promoter–driven secreted alkaline phos-
phatase (SEAP) (GeneCopoeia), were used.

Human embryonic kidney 293T/17 cells (UCSF Cell and
Genome Engineering Core) were plated at an initial density of
156,250 cells/cm2 and cultured with Dulbecco’s modified Ea-
gle’s medium with GlutaMAX supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (P/S) for
24 h at 37 �C with 5% CO2. For Nfia reporter assay, the re-
porter vector and miScript miR-exon4 mimic (n = 4) (ACU-
GACAGGACUGCAUUA; Qiagen) or AllStars Negative
Control siRNA (n = 4) (Qiagen) were cotransfected using
Lipofectamine 2000 (Thermo Fisher Scientific). The reporter
vector-only (n = 4) transfection was used as the control. For
the Prkch reporter assay, a dual reporter vector (n = 4) or
universal negative control vector (n = 4) (GeneCopoeia) was
cotransfected with the miR-exon4 mimic using Lipofectamine
2000. The dual reporter vector-only (n = 4) or universal
negative control vector-only (n = 4) transfection was used as
the controls. After 48 h of culture at 37 �C, MetLuc activity in
the culture medium was measured using Ready-To-Glow
10 J. Biol. Chem. (2022) 298(5) 101807
Secreted Luciferase Reporter Assay (Takara Bio). According
to the manufacturer’s instruction, the secreted GLuc and SEAP
in the culture medium was measured using Secrete-Pair Dual
Luminescence Assay Kit (GeneCopoeia). EGFP signal in the
cells was measured by a fluorescent mode (excitation/emission
488 nm/508 nm) of SpectraMax iD3 multimode microplate
reader (Molecular Devices). The measured luciferase activity of
each sample was normalized by measuring EGFP (for Nfia
reporter) or SEAP (for Prkch reporter), internal control for
transfection. For the Nfia reporter assay, the difference in the
signal was analyzed among reporter vector only, reporter
vector and miR-exon4 mimic, and reporter vector and negative
control by the two-tailed multiple t tests with Bonferroni
correction following ANOVA (50). For the Prkch reporter
assay, the difference in the signal between with and without
miR-exon4 was analyzed for each test vector and negative
control vector by independent Student’s t test following F test.
For both analyses, p < 0.05 was considered significantly
different.

Primary osteoblast culture

Dissected calvariae from Amel WT and KO were trimmed
off to remove cartilaginous elements, and the frontal bones
were kept for scrape cleaning of both sides of the bone. The
cleaned bone pieces were digested in alpha minimum essential
medium (αMEM) without AA (Thermo Fisher Scientific)
containing 0.1 mg/ml collagenase P (Sigma–Aldrich) and 1:40
diluted trypsin (Genesee Scientific) at 37 �C with two times
digestion medium changing. Digested bone pieces were
cultured in a plate containing αMEM supplemented with 10%
FBS and 1% P/S at 37 �C with 5% CO2 for 4 days. The plate
was then treated with trypsin to collect the primary osteoblasts
for seeding at a density of 50,000 cells/cm2 (n = 3/each time
point/genotype). Cells were harvested for RNA extraction at
days in the culture of 3, 9, and 16. On day 16, some plates were
stained with Alizarin Red.

MC3T3-E1 subclone 14 osteoblast culture

MC3T3-E1 subclone 14 (M14) osteoblastic cells (Cell Cul-
ture Facility at UCSF) were seeded at an initial density of
50,000 cells/cm2 and cultured with αMEM supplemented with
10% FBS, 1% P/S, 50 μg/μl AA, and 10 mM βGP in the hu-
mified CO2 incubator at 37 �C. Cells were harvested for total
RNA extraction at the days in the culture of 3, 9, 15, and 21.

Nfia silencing

MC3T3-E1 M14 osteoblastic cells were seeded at an initial
density of 10,520 cells/cm2 and cultured with αMEM supple-
mented with 10% FBS and 1% P/S. After 24 h of seeding, the
medium was changed to αMEM supplemented with 10% FBS,
1% P/S, 50 μg/μl AA, and 10 mM βGP, and the cells were
transfected with FlexiTube siRNA Premix for mouse Nfia (n =
4) (Qiagen) or AllStars negative control (n = 4) (Qiagen) ac-
cording to manufacturer’s instruction. The nontransduction
group (n = 4) was used as a control. After additional 24 h of
incubation, cells were harvested for the total RNA extraction.
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Transducing lentivirus miR-exon4 inhibitor and establishing
monoclonal subclones

MC3T3-E1M14 cells were plated (2.25 × 105 cells per
35 mm dish) and incubated with αMEM (without AA) sup-
plemented with 10% FBS and 1% P/S. After 24 h, purified
lentivirus particles of miR-exon4 inhibitor and negative con-
trol containing hygromycin selection marker (GeneCopoeia)
were transduced to cells at a multiplicity of infection of 1:5 in
the culture medium of αMEM supplemented with 10% FBS
and 8 μg/ml polybrene (Santa Cruz Biotechnology). About
24 h later, the culture medium was changed to αMEM sup-
plemented with 10% FBS and 1% P/S for another 24 h of in-
cubation. Then, cells were incubated with αMEM with 10%
FBS and 150 μl/ml hygromycin B for 9 days. On day 10 of
selection culture, cells were trypsinized and replated to mul-
tiple dishes at two cells per well and incubated to develop
monoclonal colonies with αMEM with 10% FBS and 200 μl/ml
hygromycin B. Dishes with single colonies were maintained for
colony expansion. Expanded monoclonal subclones (mi1-10
and negative control) were plated at a density of 50,000 cells/
cm2 and cultured with αMEM supplemented with 10% FBS,
1% P/S, 50 μg/μl AA, and 10 mM βGP. Cells were harvested
for total RNA extraction at the days in the culture of 3, 9, 15,
and 21 (n = 3/each time point/each subclone). At days in
culture 2, 9, 16, and 23, cell proliferation and viability of each
subclone were tested by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (n = 3/each time point/each
subclone) (Sigma–Aldrich) incorporation into viable cells us-
ing procedures recommended by the manufacturer. All in-
cubations were done in the humidified 5% CO2 incubator at
37 �C.
Extraction of RNA and miRNA and quantitative PCR analysis

Total RNA, including miRNA and mRNA, was using the
Direct-zol RNA miniprep kit (Zymo Research). Selective
reverse transcription of mature miRNA into complementary
DNA was done using miScript II RT kit (Qiagen). Comple-
mentary DNA reverse transcribed from mRNA was obtained
using Superscript IV First-Strand Synthesis Supermix for
quantitative PCR (qPCR) (Thermo Fisher Scientific).

Expression of miRNA was characterized by qPCR with the
miScript SYBR Green PCR Kit (Qiagen) and a custom-made
primer for miR-exon4 (Qiagen), using the ABI 7500 system
(Applied Biosystems). Hs_RNU6-2 was used as a reference
gene. Expression of mRNAs was examined by qPCR with TB
Green Premix Ex Taq II (Takara Bio) using primer sets for
Runx2, Osx, collagen type I alpha 1 chain, and Nfia (Elim
Biopharmaceuticals). Hmbs (hydroxymethylbilane synthase)
was used as a reference gene. Primer sequences are listed in
Table S1. The relative expression levels of target genes were
analyzed by the ΔΔCt method (51). The expression of each
gene was calculated as a relative expression level (fold change)
compared with nontransduced control and negative control
(MC3T3-E1 subclones) or WT (primary osteoblasts). The
significance of differences was determined by the two-tailed
multiple t tests with Bonferroni correction following
ANOVA (50). For the experiment with primary osteoblasts,
the significance of differences was determined by independent
Student’s t test following F test. For both analyses, p < 0.05
was considered significantly different.

SDS-PAGE and Western blotting

Cultured MC3T3-E1 cell layers were harvested in radio-
immunoprecipitation buffer on days of 3 or 9 of culture (n = 3/
each time point/each subclone). Cells were homogenized by
ultrasonication and centrifuged, and the supernatant was used
for further analysis. Protein concentrations were determined
using the bicinchoninic acid protein assay kit (Thermo Fisher
Scientific). About 10 or 30 mg of protein per lane was sepa-
rated on 4 to 15% gradient acrylamide gels under reducing
conditions and transferred onto polyvinylidene difluoride
membranes. Membranes were blocked with Odyssey blocking
buffer (LI-COR Biosciences) for 1 h at room temperature
followed by overnight incubation with rabbit anti-NFI/A
antibody (Thermo Fisher Scientific; catalog no.: PA5-35936),
rabbit anti-human mTOR antibody (Cell Signaling Technol-
ogy; catalog no.: 2983), rabbit antihuman phosphorylated
(Ser2448)-mTOR antibody (Cell Signaling Technology; catalog
no.: 5536), and mouse antimouse GAPDH antibody (Pro-
teintech Group; catalog no.: 60004-1-Ig) at 4 �C. Some
membranes were stained with Revert 700 total protein stain kit
(LI-COR Biosciences) prior to the blocking.

IRDye 680- or 800-conjugated Donkey anti-rabbit antibody
and IRDye 800-conjugated donkey antimouse antibody
(LI-COR Biosciences) were used as the secondary antibodies
for an incubation of 1 h at room temperature. Bands were
visualized by Odyssey CLx (LI-COR Biosciences) scanner, and
band signal was analyzed using Image Studio software
(LI-COR Biosciences). Signals of the bands were normalized by
either total protein or GAPDH signals. Normalized band sig-
nals were statistically analyzed by independent Student’s t test
following F test. p <0.05 was considered significantly different.

Quantitative proteomics

On day 3 of culture, nontransduced control (n = 3) and
subclone mi2 (n = 3) of MC3T3-E1 M14 osteoblasts were
harvested, and protein was extracted by homogenizing the
cells in the radioimmunoprecipitation buffer. Protein con-
centrations were determined using the bicinchoninic acid
protein assay kit (Thermo Fisher Scientific). Proteins were
reduced by 10 mM Tris(2-carboxyethyl)phosphine (pH 7.0) at
56 �C for 1 h, followed by an alkylation treatment by 20 mM
iodoacetamide at room temperature in the dark for 1 h. The
treated proteins were precipitated in acetone overnight at
−20 �C and reconstituted in 50 mM triethylamine bicarbonate
buffer (pH 8.5) for trypsin digestion overnight at 37 �C. The
digested peptides were labeled with tandem mass tag using
TMT10plex Isobaric Label Reagent Set (Thermo Fisher Sci-
entific) according to the manufacturer’s instruction. The
labeled peptides were dissolved in 0.1% TFA solution and
fractionated using Pierce High pH Reversed-Phase Peptide
Fractionation Kit (Thermo Fisher Scientific). Liquid contents
J. Biol. Chem. (2022) 298(5) 101807 11
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of each collected fraction were evaporated using vacuum
centrifugation. The labeled peptides were analyzed by nano
LC–MS/MS using an Orbitrap Fusion Lumos Tribrid Mass
Spectrometer coupled with the EASY-nLC 1000 nanoflow
Ultra Performance Liquid Chromatography system (Thermo
Fisher Scientific). The peptides from each fraction were
reconstituted in 0.1% formic acid (totaling 5 μl) and loaded on
a 100 μm × 10 cm in-house made column packed with a
reversed-phase ReproSil-Pur C18-AQ resin (3 μm, 120 Å, Dr
Maisch GmbH) with the mobile phase as solvent A as 0.1%
formic acid in water and solvent B as 0.1% formic acid in 100%
acetonitrile. Peptides were resolved at 600 nl/min flow rate
using a linear gradient from 4% to 10% solvent B for 10 min,
from 10% to 22% for 95 min, from 22% to 40% for
35 min, from 40% to 95% for 5 min, and from 95% to 95%
for 5 min. The mass spectrometry (MS) was done with the
setting of the spray voltage 2.2 kV and temperature of the
heated transfer capillary 270 �C. An MS survey scan was ob-
tained for the m/z range 300 to 1650 and acquired with an
orbitrap resolution of 60,000 with a total of 3 s per cycle at top
speed mode. The top 16 most intense signals in the MS spectra
were selected for further MS–MS analysis. MS–MS spectra
were acquired in the linear ion trap using collision-induced
dissociation for fragmentation at 40% energy with an activa-
tion Q of 0.25 with an activation time of 10 ms. The automatic
gain control target values for full-scan modes were set to
1 × 104 ions or a maximum injection time of 30 ms. An
isolation mass window of 3.0 m/z was used for precursor ion
selection, charge states 2 to 6 were accepted, and a 30 s
duration was used for dynamic exclusion.

The MS files were analyzed and searched against the mouse
UniProt/Swiss-Prot protein database (release 2018_10; 17000
entries) using Proteome Discover, version 2.1 (Thermo Fisher
Scientific). The parameters were set as follows: the protein
modifications were carbamidomethylation (C) (fixed), oxida-
tion (M) (variable); the enzyme specificity was set to trypsin;
the maximum missed cleavages were set to two; the precursor
ion mass tolerance was set to 10 ppm, and MS–MS tolerance
was 20 ppm. A false discovery rate of ≤0.01 was applied to the
MS results for following protein identification analysis. Dif-
ferential protein abundance between nontransduced samples
(biological replicate, n = 3) and mi2 (biological replicate, n = 3)
was analyzed by independent Student’s t test. A quantitative
ratio over 1.5 (p < 0.05) was considered significant
upregulation.
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