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The chromatin-associated high mobility group protein N2
(HMGN2) cofactor regulates transcription factor activity
through both chromatin and protein interactions. Hmgn2
expression is known to be developmentally regulated, but the
post-transcriptional mechanisms that regulate Hmgn2 expres-
sion and its precise roles in tooth development remain unclear.
Here, we demonstrate that HMGN2 inhibits the activity of
multiple transcription factors as a general mechanism to
regulate early development. Bimolecular fluorescence comple-
mentation, pull-down, and coimmunoprecipitation assays show
that HMGN2 interacts with the transcription factor Lef-1
through its HMG-box domain as well as with other early
development transcription factors, Dlx2, FoxJ1, and Pitx2.
Furthermore, EMSAs demonstrate that HMGN2 binding to
Lef-1 inhibits its DNA-binding activity. We found that Pitx2
and Hmgn2 associate with H4K5ac and H3K4me2 chromatin
marks in the proximal Dlx2 promoter, demonstrating Hmgn2
association with open chromatin. In addition, we demonstrate
that microRNAs (miRs) mir-23a and miR-23b directly target
Hmgn2, promoting transcriptional activation at several gene
promoters, including the amelogenin promoter. In vivo, we
found that decreased Hmgn2 expression correlates with
increased miR-23 expression in craniofacial tissues as the
murine embryo develops. Finally, we show that ablation of
Hmgn2 in mice results in increased amelogenin expression
because of increased Pitx2, Dlx2, Lef-1, and FoxJ1 transcrip-
tional activity. Taken together, our results demonstrate both
post-transcriptional regulation of Hmgn2 by miR-23a/b and
post-translational regulation of gene expression by Hmgn2–
transcription factor interactions. We conclude that HMGN2
regulates tooth development through its interaction with
multiple transcription factors.

High mobility group N (HMGN) is a family of nonhistone
chromatin architectural proteins that bind to the nucleosome
core structure independent of DNA sequence to affect
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chromatin structure and function and regulate transcription
(1–6). These nucleosome-binding proteins can colocalize with
epigenetic marks of active chromatin and cell type–specific
enhancers/promoters and regulate transcription levels (4–7).
Hmgn2 may be required for stem cell maintenance through
specific activation of stem cell factors and induction of active
epigenetic marks (3, 5, 8, 9). We have previously shown that
Hmgn2 forms an inactive transcriptional complex with tran-
scription factor Pitx2, which bound to chromatin, and poised
to activate transcription (10). This inactive complex is then
activated through Wnt signaling and the interaction with
β-catenin (β-cat) (10). A similar mechanism was proposed
recently stating that HMGN proteins open chromatin struc-
ture at enhancer regions maintaining them in a poised open
chromatin state, ready for rapid stimuli-dependent gene
expression (4). More recently, a study demonstrated that
HMGN2 protein could localize to cell-specific enhancers to
modulate the chromatin epigenetic landscape (5). These data
all point to HMGN2 as a critical regulator of transcriptional
activation of gene expression. Hmgn2 expression occurs dur-
ing early mouse embryogenesis and affects the timing of early
embryonic development in the mouse (11). The expression of
Hmgn2 is reduced in adult tissues (12), and in multiple tissues,
it correlates with gene expression regulating developmental
processes.

Lymphoid enhancer–binding factor 1 gene (Lef-1) plays a
critical role in organ, craniofacial, and tooth development. The
Lef-1 protein contains an HMG-box domain and has been
shown to act as a transcription factor (13). The role of Hmgn2
in development remains unclear and, in this report, we
analyzed Hmgn2-null mice for developmental defects and its
interaction with Lef-1.

Pitx2 is the earliest transcription factor observed in tooth
development, which marks dental epithelial but not mesen-
chymal tissues and directly activates several genes regulating
dental epithelial stem cells, embryonic tooth development, and
enamel formation (14–19). Pitx2 has long been considered as a
master regulator of the transcriptional hierarchy in early tooth
development, including stem cells (20, 21). Pitx2 regulates
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HMGN2 activity during development
Sox2 and Lef-1 expression in the dental epithelium, and we
previously demonstrated that HMGN2 represses Pitx2 and
Sox2 transcriptional activation (10, 22–25). The ablation of
Lef-1 in the dental epithelium leads to severe tooth develop-
mental defects, causing an arrest during the transition from
bud to cap stage (26, 27). We have shown that conditional
overexpression of Lef-1 in the dental epithelium results in a
new stem cell compartment with increased dental epithelial
cell proliferation affecting amelogenin expression and enamel
formation (24).

MicroRNA (miR)-mediated gene silencing plays important
roles in many biological processes, such as cell proliferation,
differentiation, and death (28, 29). miRs are �22 nt endoge-
nous RNAs that bind to sequences within 30UTR of protein-
coding genes to post-transcriptionally regulate gene function
(30). miRs have been reported to play critical roles in tooth
development. For example, the inactivation of Dicer1 in dental
epithelium results in severe phenotypes, such as loss of enamel
and multiple teeth (31). miR-23a and miR-23b are encoded by
the miR-23a-27a-24 (mouse chromosome 8) and miR-23b-
27b-24 clusters (mouse chromosome 13), respectively, and
their expression has been reported to play an important role in
endocrine homeostasis (32), cell death (33), glutamine meta-
bolism (34), and cancer development (35). A large-scale screen
for miR expression profiles in the tooth germs of miniature
pigs reveals that both miR-23a and b are highly expressed
during tooth development (36). We showed that miR-23a+b
are highly expressed in the mouse dental epithelial cells using
microarray analysis by comparing the miR expression profiles
between differentiated and undifferentiated dental epithelial
tissues (31).

In this report, we describe new molecular and develop-
mental mechanisms for the HMGN2 protein. HMGN2 is a
chromatin-associated factor able to inhibit transcription factor
DNA binding and transcriptional activation. Furthermore,
HMGN2 acts as a general regulator of multiple transcription
factors and is directly targeted by miR-23a+b. Interestingly, as
development progresses the expression of Hmgn2 in the
mouse gradually decreases in a manner that was inversely
correlated with miR-23a+b during tooth development and
amelogenin expression, the gene required for enamel forma-
tion. Finally, deletion of Hmgn2 in mice resulted in increased
amelogenin expression affecting tooth development. Our
research defines HMGN2 as a general regulator of transcrip-
tion factor activity through protein interactions associated
with active chromatin marks. This report describes both post-
transcriptional and post-translational mechanisms to regulate
multiple genes by HMGN2.
Results

HMGN2 interacts with Lef-1 in the nucleus and represses Lef-1
transcriptional activity

We have used a cell model to demonstrate a direct inter-
action between Lef-1 and HMGN2 and their cellular
localization by performing the bimolecular fluorescence
complementation (BiFC) assay. Lef-1 was ligated to the N
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terminus of an EYFP-N (EYFP [enhanced YFP]) coding
sequence, and HMGN2 was cloned to the N-terminal region of
an EYFP-C sequence (Fig. 1A). Direct physical association
between Lef-1-YN and HMGN2-YC resulted in fluorescence
under EYFP excitation wavelength because of interactions
between N and C fragments of the EYFP protein (Fig. 1B)
(37, 38). As shown in Figure 1C, Lef-1-YN and HMGN2-YC
interact to produce fluorescence that is confined to the nu-
cleus. As controls, transfecting either Lef-1-YN with the
FLAG-EYFP-C fragment (FLAG-YC) or HMGN2-YC with
FLAG-EYFP-N fragment (FLAG-YN) did not emit fluores-
cence (Fig. 1C). These results indicate that Lef-1 and HMGN2
interact in the nucleus of living cells.

We have demonstrated that HMGN2 interacts with Pitx2
and Sox2 to form an inactive complex to inhibit Pitx2 and
Sox2 DNA-binding activity (23–25, 39). Dlx2 is required for
craniofacial and tooth development, and we have shown that
Pitx2 and Lef-1 regulate the Dlx2 promoter (23, 40, 41). To
determine if HMGN2 regulates Lef-1 activation of the Dlx2
promoter, we cotransfected the Dlx2 promoter luciferase
reporter, Lef-1 and ß-catenin with/without HMGN2 in LS-8
oral epithelial cells. The luciferase results show that Lef-1
activated the Dlx2 promoter, but this activation was
significantly reduced while overexpressing HMGN2
(Fig. 1D). Furthermore, cotransfection with β-cat rescued
Lef-1 transcriptional inhibition by the HMGN2 protein.
Therefore, HMGN2 inhibits Lef-1 transactivation of the
Dlx2 promoter, and the Lef-1 interaction with β-cat over-
comes this inhibition. Coimmunoprecipitation (co-IP) as-
says also demonstrate a direct interaction of endogenous
Hmgn2 with endogenous Lef-1 in LS-8 oral epithelial cells
(Fig. 1E).
HMGN2 interacts with the Lef-1 HMG-box domain

To map the Lef-1 domain that interacts with HMGN2,
glutathione-S-transferase (GST) pull-down experiments were
performed using purified bacteria-expressed proteins. A
schematic diagram of the immobilized GST-Lef-1 full-length
and truncated proteins is shown (Fig. 2A). Full-length HMGN2
protein was used in the pull-down experiments and immobi-
lized GST-Lef-1, GST-Lef-1 ΔN113, GST-Lef-1ΔN295, and
GST-Lef-1 ΔN113-ΔC34 all bound HMGN2 protein (Fig. 2B).
However, GST-Lef-1 ΔN363 and GST-Lef-1 ΔN113-ΔC102
did not bind HMGN2 protein (Fig. 2B). From these experi-
ments, we identified that HMGN2 interacts with the Lef-1
HMG-box domain (Fig. 2A).

Because it is well known that β-cat and Lef-1 interact, we
asked if Lef-1 interacts with HMGN2 in the presence of β-cat.
An immunoprecipitation (IP) assay was performed to detect
HMGN2 binding to endogenous β-cat and transfected Lef-1
and HMGN2 in Chinese hamster ovary (CHO) cells
(Fig. 2C). β-cat was immunoprecipitated from CHO cells
transfected with plasmids for HMGN2 and Lef-1, and immu-
noprecipitates were then probed for HMGN2 protein.
HMGN2 bound only to the β-cat–Lef-1 complex and not to
β-cat alone (Fig. 2C).
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Figure 1. Lef-1 interacts with HMGN2 in the nucleus, and HMGN2 represses Lef-1 transcriptional activity. A and B, schematic of the constructs used in
bimolecular fluorescence complementation (BiFC) assay. Lef-1 (murine clone) was cloned into the pFLAG-CMV-2 plasmid (Sigma) containing an N-terminal
fragment of EYFP, and HMGN2 (human clone) FC was ligated to a C-terminal fragment of EYFP in the pFLAG-CMV-2 plasmid. YN or YC fragments only were
ligated into the vector and used as negative controls. The interaction between the proteins facilitates the association of YN and YC fragments to produce
fluorescence under EYFP excitation wavelength. C, the constructs were transfected into HEK-293 cells. After 24 h, Nikon 80i fluorescence microscope was
used to detect the fluorescence. The scale bar represents 5 μm. D, HMGN2 represses Lef-1 transcriptional activation. A schematic of the 3276 bp Dlx2
promoter is shown with Lef-1–binding sites. LS-8 cells were transfected with Dlx2 promoter luciferase reporter gene (5 μg) and Lef-1 and/or β-catenin with/
without HMGN2 expression plasmids (2.5 μg) and a β-galactosidase expression construct (0.5 μg). After 48 h, luciferase and β-galactosidase activities were
measured. The luciferase activities were shown as mean fold activation compared with the normalized luciferase activity in empty vector (pcDNA 3.1) with
Dlx2 promoter reporter. N = 4, *p < 0.05. E, coimunoprecipitation of endogenous Lef-1 and Hmgn2. LS-8 epithelial cells were harvested,and Lef-1 Ab was
used to pull down Hmgn2. Hmgn2 protein is shown by Western blot. CMV, cytomegalovirus; EYFP, enhanced YFP; HEK-293, human embryonic kidney 293
cell line; HMGN2, high mobility group protein N2.

HMGN2 activity during development
HMGN2 inhibits Lef-1 DNA-binding activity

HMGN2 inhibits Lef-1 transcriptional activity through
direct interactions in the cell nucleus. However, the mecha-
nism for this inhibition is not known. We asked if HMGN2
inhibited Lef-1 DNA-binding activity because of its interaction
with the Lef-1 HMG-box domain. Interestingly, titration of
purified HMGN2 after Lef-1 binding to a labeled Lef-1-
binding sequence (Lef-1 probe) in an EMSA showed that
HMGN2 acts to inhibit Lef-1 binding to its DNA-binding
element (Fig. 3). HMGN2 binds nonspecifically to the DNA
probe as shown previously (23). Thus, HMGN2 can bind to
Lef-1 bound to DNA and remove Lef-1 from the DNA. This
represents a unique function of HMGN2 to regulate tran-
scription factor activity.
Lef-1 and Pitx2 regulate the Hmgn2 promoter, and HMGN2
feeds back to inhibit Lef-1 and Pitx2 DNA binding, which is
derepressed by β-cat

Because Lef-1 and Pitx2 are early developmental tran-
scription factors and HMGN2 is expressed in early
development, we asked if they regulated HMGN2 expression.
The Hmgn2 promoter has several Lef-1- and Pitx2-binding
sites (Fig. S1A). We cloned the Hmgn2 promoter (11 kb)
into a luciferase construct and transfected it with plasmid
DNA encoding Lef-1, HMGN2, β-cat, and Pitx2 combina-
tions in CHO cells. Our results showed that Lef-1 activates
the Hmgn2 promoter at approximately sixfold, and addition
of HMGN2 represses Lef-1 activation as predicted (Fig. S1B).
β-cat derepresses the HMGN2 inhibition of Lef-1 transcrip-
tional activation of the Hmgn2 promoter. Pitx2 activation of
the Hmgn2 promoter is also repressed by HMGN2 and
derepressed by addition of β-cat (Fig. S1B). We have shown
previously that β-cat can derepress Pitx2 inhibition by
HMGN2 by forming a complex that allows for Pitx2 binding
to DNA (23). We speculate that a similar mechanism is
working for Lef-1 transcriptional activation. We assayed for
endogenous Hmgn2 transcripts isolated from E14.5 Pitx2−/−

null embryo mandibles and found that Hmgn2 transcripts
were significantly decreased because of the lack of Pitx2
expression (Fig. S1C). Thus, both Lef-1 and Pitx2 appear to
regulate Hmgn2 causing a new feedback mechanism where
J. Biol. Chem. (2022) 298(9) 102295 3
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Figure 2. HMGN2 interacts with the HMG-box domain in the Lef-1 protein. A, schematic of the Lef-1 protein and truncated proteins. The location of the
HMGN2-binding domain in the Lef-1 protein is shown. B, GST-Lef-1 protein pull-down assay with bacterial-expressed and purified HMGN2 protein (100 ng).
To demonstrate HMGN2 binding to Lef-1, Lef-1 protein was incubated with purified HMGN2 protein. HMGN2 binds to the Lef-1 HMG domain. C, coim-
munoprecipitation (IP) experiments demonstrate a Lef-1–HMGN2–β-catenin (β-cat) complex in CHO cells. Lef-1, HMGN2, and/or β-cat (2.5 μg) were
transfected into CHO cells. Cell lysates were incubated with β-cat antibody (Ab), and the IP complex was isolated and resolved on a 10% SDS-polyacrylamide
gel and probed for HMGN2 using the HMGN2 Ab. The β-cat antibody immunoprecipitated the Lef-1–HMGN2–β-cat complex, denoted by the asterisk.
HMGN2 was detected only in the β-cat–Lef-1–HMGN2 precipitated complex. HMGN2 does not bind to β-cat. As controls transfected β-cat input,
cotransfected β-cat and HMGN2, cotransfected β-cat and Lef-1, and all three cotransfected protein inputs were probed for HMGN2 protein. The proteins
were visualized using ECL reagents. CHO, Chinese hamster ovary; GST, glutathione-S-transferase; HMGN2, high mobility group protein N2.

HMGN2 activity during development
increased Hmgn2 protein would inhibit Pitx2 and Lef-1
activation of Hmgn2 expression.

Dlx2 and FoxJ1 transcription factors are inhibited by HMGN2

Dlx2 and FoxJ1 are transcription factors involved in the
developmental regulation of the craniofacial region and teeth
(42–44). We asked if HMGN2 also regulated the transcrip-
tional activity of these different Dlx and Fox family tran-
scription factors. Both Dlx2 and FoxJ1 can activate their own
promoter and are expressed in similar tissues with Hmgn2.
The Dlx2 promoter-luciferase construct was transfected into
three cell lines (CHO, LS-8, and human embryonic kidney 293
[HEK-293] cell lines) with empty vector, HMGN2, Dlx2 or
HMGN2 and Dlx2 together, and luciferase activity was
measured as a readout of promoter activation (Fig. 4). Both
empty vector control and HMGN2 expression did not activate
the Dlx2 promoter (Fig. 4A). However, Dlx2 activated the Dlx2
promoter at approximately 10-fold in all cells, and HMGN2
repressed Dlx2 activation of the promoter in all cell lines
(Fig. 4A). The FoxJ1 promoter-luciferase construct was trans-
fected in all cell lines as in panel A, with empty vector as a
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control, HMGN2, FoxJ1, and both HMGN2 and FoxJ1
(Fig. 4B). Identical to the Dlx2 promoter, FoxJ1 activated its
own promoter, and HMGN2 alone had no effect on FoxJ1
promoter activity. However, HMGN2 repressed FoxJ1 activa-
tion of the FoxJ1 promoter in all cell lines (Fig. 4B). FoxJ1 and
Dlx2 directly interact with Hmgn2. A co-IP was performed
using either an antibody (Ab) to FoxJ1 or Dlx2 to pull down
endogenous Hmgn2 in LS-8 cells. Endogenous FoxJ1 and Dlx2
directly interacted with Hmgn2 in the LS-8 cells (Fig. 4C).
These data demonstrate that HMGN2 can repress the tran-
scriptional activity of two different families of transcription
factors.

miR-23a and miR-23b modulate HMGN2 expression

HMGN2 is required for tight regulation of several tran-
scriptional activities to allow for normal craniofacial/tooth
development (23, 39, 45). In this report, we show that Lef-1
and Pitx2 regulate the Hmgn2 promoter; however, other
mechanisms also regulate Hmgn2 expression. To determine if
miRs are potential regulators of Hmgn2, we analyzed the
30UTR sequence of Hmgn2 and found highly conserved



Figure 3. HMGN2 removes Lef-1 bound to DNA. HMGN2 protein (4, 10,
15, 20, and 40 ng) was incubated with the Dlx2 promoter sequence con-
taining a Lef-1 binding element as the radioactive probe in an EMSA.
HMGN2 bound nonspecifically to the DNA probe as previously reported.
Lef-1 protein (80 ng) bound to the DNA. HMGN2 titration (4, 10, 15, 20, and
40 ng) after Lef-1 bound to the probe revealed that HMGN2 inhibited Lef-1
binding in a dose-responsive manner. The EMSA experiments were
analyzed in 8% native polyacrylamide gels. The free and bound forms of
DNA were quantitated using the Molecular Dynamics STORM PhosphoIm-
ager. The free probe and bound DNA are indicated. HMGN2, high mobility
group protein N2.

HMGN2 activity during development
miR-23a- and miR-23b-binding elements (Fig. 5A). To deter-
mine if miR-23a and miR-23b target Hmgn2 expression in oral
epithelial cells, we cloned the Hmgn2 30UTR containing the
miR-23a and miR-23b-binding site into a dual-luciferase re-
porter and transfected this reporter into LS-8 cells alone or
with the constructs to overexpress miR-23a and/or miR-23b.
The luciferase activity of WT Hmgn2 30UTR was significantly
repressed by the presence of either miR-23a or/and miR-23b
(Fig. 5B). As controls, mutation of the conserved miR-23a+b
binding site in the Hmgn2 30UTR abolished the repression by
miR-23a+b (Fig. 5C). Overexpression of miR-23a and miR-23b
separately and together leads to reduced endogenous Hmgn2
protein expression in LS-8 cells (Fig. 5D). miR-23a and miR-
23b target and repress Hmgn2 expression. However, it is
important to show that these miRs are coexpressed with
Hmgn2 in the craniofacial/tooth regions of mice during
development.
miR-23a+b indirectly activate Pitx2 and amelogenin
expression by repressing Hmgn2 expression in dental
epithelial cells

To further understand the regulation of Hmgn2 by miR-
23a+b and the contribution to tooth organogenesis, we
assayed for miR-23a and miR-23b expression in postnatal (P)
P0 and P10 murine molars and incisors. We have previously
shown that Hmgn2 expression decreases in these tooth organs
at later stages of development (39). Here, we show that miR-
23a+b expression increases in P10 molars and incisors
compared with P0 molars and incisors by miR microarrays
(Fig. 6A). Pitx2 regulates amelogenin expression during tooth
morphogenesis, and Pitx2 activates the amelogenin promoter
(39). Here, we show that Pitx2 activation of the amelogenin
(Amelo) promoter is increased when miR-23a or miR-23b is
coexpressed with Pitx2. HMGN2 can repress Pitx2 activation
of the amelogenin promoter, and it appears that miR-23 re-
presses endogenous Hmgn2 expression to allow for increased
Pitx2 activation (Fig. 6B).

Endogenous Hmgn2, miR-23a+b, and amelogenin expres-
sion were analyzed during murine mandible/tooth develop-
ment. RNA was isolated from murine E14.5, E16.5, E18.5, P0,
P2, and P4 mandibles, including molars and incisors, and gene
expression was determined by quantitative PCR (qPCR).
Interestingly, Hmgn2 expression decreases as miR-23a+b
expression increases during early development (Fig. 6C).
During this time, amelogenin expression increases correlating
with amelogenesis and enamel formation (Fig. 6C). In the LS-8
dental epithelial cell line, the detection of Hmgn2 was verified
by immunofluorescence and decreased in LS-8 cells over-
expressing miR-23b (Fig. 6D). In contrast, amelogenin
expression increased in LS-8 cells transduced with miR-23b
(Fig. 6D). Transcripts for miR-23b, Hmgn2, and amelogenin
were assayed by qPCR for their expression levels in these LS-
8 cells. miR-23b-transduced cells had decreased levels of
Hmgn2 and increased levels of amelogenin transcripts
(Fig. 6E). Thus, as miR-23a+b levels increase, the level of
Hmgn2 decreases, thereby allowing for amelogenin expression
and enamel formation during tooth development.

miR-23a+b inhibition of HMGN2 expression increases Dlx2
and FoxJ1 transactivation

We demonstrated that HMGN2 represses the transcrip-
tional activity of Dlx2 and FoxJ1 in Figure 4. To determine if
miR-23a+b expression could also increase Dlx2 and FoxJ1
transactivation of their promoters, we assayed for transcrip-
tional activity in three cell lines. As a control, the Dlx2-lucif-
erase promoter construct was transfected with empty vector
and miR-21, which did not affect promoter activation or Dlx2
activation of the promoter (Fig. S2A). Cotransfection of miR-
23a and/or miR-23b with Dlx2 significantly increased activa-
tion of the Dlx2 promoter in all cell lines (Fig. S2A). Similar
results are shown for FoxJ1 activation of the FoxJ1-luciferase
promoter construct in the presence of miR-23a and/or miR-
23b (Fig. S2B). These results again are consistent with our
hypothesis that miR-23 directed inhibition of endogenous
Hmgn2, which increases the transcriptional activation of these
two transcription factors.

These experiments were repeated in WT mouse embryo
fibroblasts (MEFs) and HMGN2 overexpression transgenic
(TG) MEFs. We have previously reported on the phenotype
and gene regulation of mice overexpressing HMGN2 (39).
In these experiments, we asked if miR-23 inhibition of
endogenous Hmgn2 and overexpression of HMGN2 in
MEFs affected Pitx2 activation of the Lef-1 promoter
(Fig. S3A). The Lef-1 promoter-luciferase construct was
cotransfected into WT and HMGN2-TG (TG mice over-
expressing HMGN2) (39) MEFs with Pitx2 and miR-23a and
miR-23b. miR-21 was transfected as a control. The miRs
alone had no effect on Lef-1 promoter activity (Fig. S3A).
J. Biol. Chem. (2022) 298(9) 102295 5
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Figure 4. HMGN2 represses Dlx2 and FoxJ1 transcriptional activation. A, CHO, LS-8, and 293 cells were cotransfected with the Dlx2 luciferase promoter
(5 μg) construct, either Dlx2, HMGN2, or HMGN2 and Dlx2 expression constructs (2.5 μg). β-galactosidase expression construct (0.5 μg) was transfected to
control for transfection efficiency. After 48 h, luciferase and β-galactosidase activities were measured. The luciferase activities are shown as mean fold
activation compared with the normalized luciferase activity using an empty vector (pcDNA 3.1) with Dlx2 promoter reporter. B, CHO, LS-8, and 293 cells were
cotransfected with the FoxJ1 luciferase promoter construct, FoxJ1, HMGN2, or HMGN2 and FoxJ1 expression constructs (2.5 μg). β-galactosidase expression
construct (0.5 μg) was transfected to control for transfection efficiency. Experiments were performed as in A. N = 4, *p < 0.05. C, coimmunoprecipitation of
endogenous FoxJ1, Dlx2, and Hmgn2. LS-8 epithelial cells were harvested, and FoxJ1 Ab or Dlx2 Ab was used to pull down Hmgn2. Hmgn2 protein is shown
by Western blot. CHO, Chinese hamster ovary; HMGN2, high mobility group protein N2.
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Pitx2 activated the Lef-1 promoter at threefold in WT
MEFs, and this activation was reduced in MEFs over-
expressing HMGN2. Cotransfection of miR-21 as a control
miR with Pitx2 had no effect on Pitx2 activation of the Lef-1
promoter in both WT and HMGN2-TG MEFs. Cotransfec-
tion of miR-23a, miR-23b, and both miR-23a+b significantly
increased Pitx2 activation of the Lef-1 promoter in both WT
and HMGN2-TG MEFs (Fig. S3A). Thus, miR-23 was able to
inhibit endogenous Hmgn2 expression and facilitate Pitx2
activation of the Lef-1 promoter. The HMGN2 construct
used to make the HMGN2-TG mice lacks a 30UTR and is
not regulated by any miRs, and the increase in Pitx2 acti-
vation is due to inhibition of endogenous Hmgn2. Thus, the
exogenous levels of HMGN2 in the HMGN2-TG MEFs
cause a reduced inhibition of the transcription factors
compared with WT.

The same miR-23 effect is shown for Dlx2 activation of the
Dlx2 promoter (Fig. S3B) and FoxJ1 activation of the FoxJ1
promoter in both WT MEFs and HMGN2-TG MEFs
(Fig. S3C). These data demonstrate that HMGN2 over-
expression in MEFs represses the activity of three well-known
developmentally regulated transcription factors. Furthermore,
miR-23 regulation of Hmgn2 expression indirectly regulates
the activity of these important developmental factors.
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H4K5ac and H3K4me2 chromatin factors associate with Pitx2
and Hmgn2 near the Dlx2 transcription start site

HMGN2 has been shown to bind to DNase I DNA-
hypersensitive sites and maintain and open chromatin
structure (4, 46). Both H4K5ac and H3K4me2 epigenetic
factors are associated with open chromatin at transcription
start sites (TSSs) and proximal promoter regions (47, 48). A
triple chromatin immunoprecipitation (ChIP) assay was
performed, first using the H4K5ac Ab to pull down chro-
matin bound by this factor, and immunoglobulin G (IgG)
only did not immunoprecipitate the initial complex. The
complex was washed and followed by a second IP using the
Hmgn2 Ab with control IP and a third IP using the Pitx2 Ab
with control IP in LS-8 cells. After reverse crosslinking, a
qPCR using primers to the indicated proximal Dlx2 pro-
moter sequence amplified a 390 bp product (Fig. S4, A and
B; lane 2). Chromatin input is shown in lane 4. As controls,
Dlx2 primers alone (lane 3), IgG Ab IP and Dlx2 primers
(lane 5), and Pitx2, Hmgn2, and H4K5ac Ab IP with control
primers to an upstream region of the Dlx2 promoter were
used (Fig. S4B, lane 6). A similar triple ChIP experiment was
performed first using the H3K4me2 Ab, followed by the
Hmgn2 Ab, and finally with the Pitx2 Ab in LS-8 cells. The
indicated proximal Dlx2 promoter sequence was amplified
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Figure 5. miR-23a and miR-23b target HMGN2. A, miR-23a and miR-23b are evolutionarily conserved among several vertebrate species, and the potential
miR-23a and miR-23b binding sites in the Hmgn2 30-UTR are highly conserved among different species. B, miR-23a andmiR-23b directly target the Hmgn2 30-
UTR. Hmgn2 30-UTR pGL3 reporter (1 μg) and 2.5 μg pre-miR-23a or miR-23b or empty vector (pSil) were transfected into LS-8 cells. Cells were incubated for
48 h and then assayed for luciferase and β-galactosidase activities. C, miR-23a and miR-23b do not target the Hmgn2 30 UTR with mutations engineered in
the region complementary to the miR-23a and miR-23b seed region. The activities are shown in B and C as mean fold activation compared with luciferase
activity with an empty vector (pSil) and normalized to β-galactosidase activity. N = 3, *p < 0.05. D, miR-23a and miR-23b repress endogenous HMGN2
expression. Western blot of Hmgn2 protein in control or miR-23a or/and miR-23b precursor transfected LS-8 cells 48 h post-transfection. β-tubulin is shown
as a loading control. Mock, pSil-neg vector served as controls. HMGN2, high mobility group protein N2.
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using the specific primers (Fig. S4C, lane 2). Chromatin
input is shown in lane 4. As controls, Dlx2 primers alone
and IgG Ab IP with Dlx2 primers are shown (Fig. S4C, lanes
3 and 5, respectively). While there are multiple Pitx2-binding
sites in the Dlx2 promoter sequence, we have previously
reported that when Pitx2 is bound to HMGN2, Pitx2 is not
bound to DNA, but upon interaction with Wnt signaling and
direct interaction with β-cat, Pitx2 is released from
chromatin-bound HMGN2, and Pitx2 binds directly to
TAATCC-binding elements in specific promoters (23). Thus,
we show that Hmgn2, which is bound to chromatin (marked
by H4K5ac and H3K4me2), binds to Pitx2 in a chromatin
complex (23).
Hmgn2 is developmentally regulated and controls dental
epithelial cell proliferation

Hmgn2+/− mice expressing LacZ were X-gal stained, and
whole embryos from E10.5 to P0 were analyzed by light
microscopy (Fig. 7A). Hmgn2 LacZ has high expression levels
during early developmental stages and gradually decreases
prior to birth. These data are consistent with our previous
report showing that Hmgn2 transcripts decrease during later
embryonic stages (39). We study craniofacial and tooth
development, and a diagram of the developing lower incisor at
E16.5 is shown depicting the lingual cervical loop and labial
cervical loop (LaCL) and dental epithelia (Fig. 7B). Hmgn2 is
expressed in the developing murine lower incisor at E14.5
(Fig. 7C) but is absent from the Hmgn2−/− E14.5 embryos
(Fig. 7D).

We next determined if dental epithelial cell proliferation
was affected in the lower incisor of Hmgn2−/− embryos. We
have previously shown that Pitx2 and Lef-1 control dental
epithelial cell proliferation and differentiation (24, 25, 49). Our
hypothesis is that the loss of Hmgn2 would increase the
transcriptional activity of factors involved in dental epithelial
cell proliferation and differentiation. Immunofluorescence
staining of the cell proliferation marker, Ki67, was performed
J. Biol. Chem. (2022) 298(9) 102295 7



A B

C D

E

Figure 6. miR-23a+b expression correlates with developmental time points and amelogenin expression. A, microRNA microarrays of murine molar
and incisor dental epithelium from five biological replicates at P0 and P10 WT embryos show an increase in miR-27 and miR-23 expression at later stages of
development. B, transfection of LS-8 cells was performed with the amelogenin (Amelo) luciferase reporter (5 μg), Pitx2, HMGN2, miR-23a, and miR-23b (2.5
μg) expression plasmids. Transfection analyses were performed as previously described (Figs. 4 and 5). N = 3, *p < 0.05. C, RNAs isolated from E14.5, E16.5,
E18.5, P0, P2, and P4 murine mandibles were analyzed by quantitative PCR (qPCR) for HMGN2, miR-23a, miR-23b, and amelogenin transcript levels. Relative
levels of each transcript are shown. D, LS-8 cells transduced with lentivirus expressing miR-23b or a scrambled control were analyzed for Hmgn2 and
amelogenin expression by immunofluorescence. LS-8 cells expressing miR-23b did not express Hmgn2; however, amelogenin was expressed in these cells
compared with control cells. The scale bars represent 50 μm. E, RNA isolated from the LS-8 cells and analyzed by qPCR for Hmgn2, miR-23b, and amelogenin
transcript levels. Relative levels of each transcript are shown. N = 3, *p < 0.05; **p < 0.01. HMGN2, high mobility group protein N2.
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in sagittal sections of E16.5 and P0 Hmgn2−/− and WT murine
lower incisors. E16.5 Hmgn2−/− embryos revealed an increase
in progenitor cell and transient amplifying cell (TAC) prolif-
eration in the LaCL (stem cell niche) and lingual cervical loop
compared with WT embryos (Fig. 7, E and F). At P0 dental
epithelial cell, proliferation is mainly confined to the TAC
region in WT embryos (Fig. 7, G and H). However, in the P0
Hmgn2−/− embryos, cell proliferation was present in the LaCL
(Fig. 7,I and J). In normal incisor development and growth,
cells exit the LaCL, migrating to the TAC region, where they
proliferate and begin differentiation to ameloblast cells.
Quantitation of Ki67+ cells in the dental epithelium shows an
increase in proliferative cells (Fig. 7K). The lack of Hmgn2
protein appears to stimulate premature and prolonged cell
proliferation in the LaCL.
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HMGN2−/− murine incisors have increased amelogenin and
enamel formation

To investigate if dental epithelial cell gene expression was
affected in Hmgn2−/− murine incisors, we analyzed several
markers of dental epithelium. E-cadherin, highly expressed in
undifferentiated dental epithelium (50), remained unchanged
between WT and Hmgn2−/− incisors (data not shown). Ame-
logenin, which is the most abundant (90%) enamel matrix
protein and critical for enamel development, is normally
expressed in secretory stage ameloblasts in the anterior region
of incisor at P0 (Fig. 8, A and C). However, amelogenin
expression was expanded toward the posterior (Pos) region of
the incisors in Hmgn2−/− mice, suggesting ablation of Hmgn2
results in increasing/expanded amelogenin expression in teeth
(Fig. 8, B and D). Trichrome staining at the P4 stage to mark



Figure 7. HMGN2 LacZ expression decreases during development and regulates cell proliferation. A, Hmgn2+/− whole embryos expressing LacZ were
stained for X-gal expression and visualized by light microscopy. B, diagram of murine lower incisor development at E16.5 and the mature murine mandible.
C and D, WT and Hmgn2−/− E14.5 embryo lower incisor sections were incubated with Hmgn2 antibody (Ab) and visualized using a secondary immuno-
fluorescence Ab to detect Hmgn2 expression. E and F, E16.5 WT and Hmgn2−/− embryo lower incisor sections, respectively, were incubated with Ki67 Ab and
visualized using a secondary immunofluorescence Ab to detect Ki67 expression. G and H, P0 WT and Hmgn2−/− embryo lower incisor sections, respectively,
were incubated with Ki67 Ab and visualized using a secondary immunofluorescence Ab to detect Ki67 expression. The regions denoted by the dotted square
were magnified (I and J) to show the LaCL and transient amplifying cell (TAC) region. The scale bars represent 100 μm. K, quantification using ImageJ of
Ki67+ cells shows an increase in cell proliferation in the Hmgn2 KO embryos. DESC, dental epithelial stem cell; HMGN2, high mobility group protein N2;
LaCL, labial cervical loop; LI, lower incisor; LiCL, lingual cervical loop; Md, mandible; Tn, tongue.
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the enamel and dentin in incisors also revealed that the enamel
layer in Hmgn2−/− mice was expanded posteriorly compared
with WT (Fig. 8, E–H). These data showing increased amelo-
genin expression and enamel formation in Hmgn2−/− mice are
consistent with Hmgn2 acting as a repressor for Pitx2, Lef-1,
Dlx2, and FoxJ1 activation of amelogenin expression. In
addition, dentin sialo phosphoprotein (DSPP) was increased in
the posterior preameloblast region of the P2 Hmgn2−/− incisors
(Fig. 8,I and J). DSPP is transiently expressed in the ameloblasts
cells and mainly confined to odontoblasts. Consistent with an
increase in cell proliferation and amelogenin expression in the
posterior region of the incisor, increased DSPP expression may
also indicate an increase in cell differentiation in the anterior
region of the Hmgn2−/− lower incisor.
Discussion

In this report, we demonstrate the role of HMGN2 in
regulating transcription factor activity and gene expression.
We first reported the ability of HMGN2 to bind Pitx2, a
developmentally regulated homeodomain transcription factor
(10). HMGN2 can remove Pitx2 from bound DNA to form an
inactive transcriptional complex. We demonstrated that
upon interaction with β-cat, the Pitx2–β-cat complex binds
to Pitx2 enhancer elements to activate transcription (10). We
proposed that HMGN2 binds to open chromatin complexed
with Pitx2 poised to activate transcription when Wnt
signaling is active (10). In a subsequent report, we demon-
strated a role for HMGN2 in tooth development using a Krt-
14 promoter–driven HMGN2 overexpression TG mouse (39).
We now show that HMGN2 regulates several developmen-
tally regulated transcription factors and that HMGN2 can
regulate Lef-1 DNA binding similar to Pitx2. In addition, we
analyzed the Hmgn2−/− embryos for defects in tooth
development.

More recent publications describe the conformation
changes in the nucleosomes upon binding of HMGN1 and
HMGN2 (2). HMGN2 binding to nucleosomes causes
J. Biol. Chem. (2022) 298(9) 102295 9



Figure 8. Hmgn2−/− incisors have increased amelogenin expression and enamel formation. A and B, amelogenin immunofluorescence staining in lower
incisors from P0 WT and Hmgn2−/− mice. C and D, magnified images from boxed region in A and B highlight the amelogenin expression in presecretory
ameloblast. Note that amelogenin expression moved further proximally in the incisors in Hmgn2−/− mice. E and F, images of trichrome-stained lower incisors
from P4 WT and Hmgn2−/− mice, respectively. Note, the enamel was stained as dark red, and dentin was stained as blue. G and H, higher magnified pictures
of boxed regions in E and F. In P4 Hmgn2−/− mice, enamel deposition occurs more proximally in the incisor. I and J, immunofluorescence staining of Dspp in
P2 WT and Hmgn2−/− mice, respectively. Nuclei are counterstained with DAPI. The scale bars represent 100 μm AM, ameloblast; D, dentin; DAPI, 40 ,6-
diamidino-2-phenylindole; Dis, distal; Dspp, dentin sialo phosphoprotein; E, enamel; HMGN2, high mobility group protein N2; OD, odontoblast; preAM,
presecretory ameloblast; Pro, proximal.
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rearrangements of core and linker histone tail interactions
leading to a less condensed chromatin structure (2, 4, 51, 52).
HMGN2 regulates Lef-1 DNA binding and transcriptional
activity through an interaction with the Lef-1 HMG-box
domain

Many reports have shown that either HMGN proteins or
proteins containing HMG-binding domains act through pro-
tein interaction or chromatin-binding domains (1, 10, 24, 39,
45, 51, 53–56). We demonstrate that Lef-1, a HMG-box
domain–containing transcription factor, directly interacts
10 J. Biol. Chem. (2022) 298(9) 102295
with HMGN2 in the cell nucleus, using a BiFC assay. This
interaction represses Lef-1 transcriptional activation of gene
expression. We further demonstrate that similar to Pitx2 the
repressive effect of HMGN2 on Lef-1 transcriptional activity is
relieved by cotransfection of β-cat. We show that the HMG-
box domain of Lef-1 directly interacts with HMGN2. IP
experiments further show that HMGN2 interacts with a Lef-
1–β-cat protein complex.

We identified a unique function of HMGN2 in its ability to
bind to and remove Lef-1 from DNA, similar to its interaction
with Pitx2 (10). Titration of HMGN2 protein in an EMSA
experiment to Lef-1 bound to DNA effectively removed Lef-1
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from DNA (Fig. 3). There are very few proteins with this
molecular function, and HMGN2 appears to tightly control the
transcriptional activity of several factors by this mechanism.

Interestingly, both Lef-1 and Pitx2 activate the Hmgn2
promoter, and HMGN2 represses their transactivation activity
as expected. Addition of β-cat derepresses the action of
HMGN2 and restores the transcriptional activity of these
factors. This corroborates our previous finding that HMGN2
forms an inactive transcriptional complex with transcription
factors and upon Wnt signaling and interaction with β-cat
converts the inactive complex to an active transcriptional
complex (10).

HMGN2 regulates the transcriptional activity of multiple
factors

HMGN2 has been reported to interact with other proteins
but not at the transcriptional level. Because Lef-1 transcrip-
tional activity was shown to be regulated by HMGN2, two
other developmentally regulated transcription factors were
also shown to be repressed by HMGN2 in promoter assays.
Both Dlx2 and FoxJ1 are transcription factors involved in
craniofacial and tooth development (40–42, 44, 57). Both
genes play major roles in tissue-specific development and
embryogenesis. Furthermore, Hmgn2 is considered a major
regulator of the timing of early embryonic development in the
mouse (11). Hmgn2 repression of Dlx2 and FoxJ1 is cell in-
dependent as three different cell lines were used to demon-
strate the repressive effect of Hmgn2 on Dlx2 and FoxJ1
activity.

HMGN2 expression is controlled by miRs

Hmgn2 expression occurs during early mouse embryogen-
esis, and this expression decreases as development proceeds
(12, 39, 54, 58). Hmgn2 is highly expressed throughout the
entire embryo and decreased at birth. Several mechanisms
could explain that Hmgn2 reduced expression as embryonic
development ends, including post-transcriptional epigenetic
factors. miRs are involved in the modulation of temporal-
spatial gene expression, and we show that as miR-23 expres-
sion increases, Hmgn2 expression decreases. miR-23 indirectly
regulates genes that are directly controlled by HMGN2 by
binding to the HMGN2 30UTR. We demonstrate a new
mechanism for controlling gene expression during develop-
ment where HMGN2 regulates multiple transcription factors
required for several developmental processes. However,
mechanisms are required to derepress the activity of Hmgn2 to
activate transcription factors required for normal embryonic
development. Thus, the expression of miR-23 is required to
allow for dental epithelium cell differentiation by repressing
Hmgn2 expression (Fig. 9A).

HMGN2 associates with open chromatin and the Pitx2
transcription factor to activate gene expression

HMGN proteins have emerged as essential regulators of
transcription. Their interactions with nucleosomes and his-
tones to regulate chromatin structure and the rates of
transcription are required for development (1, 6–9, 51, 56, 59,
60). How these HMGN proteins recruit and activate gene
expression remains unresolved, and our research provides an
initial understanding of their transcriptional mechanisms. At
the proximal promoter, two chromatin factors (H4K5ac and
H3K4me2) are shown to be deposited and associated with
active transcription (47, 48). These epigenetic factors are
associated with transcription factor–binding regions. We
demonstrate that the Hmgn2–Pitx2 complex is associated with
either H4K5ac or H3K4me2 in a transcription factor–binding
region poised to activate transcription (Fig. S4). It is well
known that HMGN2 binds to histones and linker tails to open
chromatin. Thus, we propose that the interaction of HMGN2
with chromatin, epigenetic marks, and transcription factors
recruits the transcription factor to transcription factor–
binding regions in open chromatin ready to activate gene
expression upon stimuli such as Wnt/β-cat signaling (Fig. 9B)
(10).

Pitx2 and Lef-1 activate HMGN2, and HMGN2 feeds back to
repress their transcriptional activities

HMGN2 expression is differentially regulated during
development as it is highly expressed during early tooth
development and morphogenesis. HMGN2 acts to repress the
transcriptional activities of genes during these early stages of
progenitor cell proliferation, so these progenitor cells do not
prematurely differentiate. However, as development proceeds,
HMGN2 must be downregulated to generate the different
stages of ameloblast differentiation and amelogenin expression
to form enamel and the mature tooth. At later stages, miR-23
expression increases to repress HMGN2, which allows for
Pitx2, Lef-1, Dlx2, and FoxJ1 to activate genes required for
ameloblast differentiation. HMGN2 plays a unique role in
regulating the switch between proliferation and differentiation
by directly interacting with and modulating the transcriptional
activity of several genes.

HMGN2 is required for normal tooth development

HMGN2 modulates genes required for tooth development
and differentiation as shown previously and, in this report,
(39). Hmgn2 expression is developmentally regulated and
modulates both cell proliferation in the murine lower incisor
as well as amelogenin and Dspp expression. Amelogenin is
required for enamel formation, and an increase in enamel
formation was observed in the Hmgn2-null mice as well as an
increase in Dspp expression. Thus, it appears that Hmgn2
controls cell differentiation in the lower incisor by regulating
Dlx2, Pitx2, Lef-1, and FoxJ1 transcription factors, which are
all known to regulate epithelial cell differentiation and ame-
logenesis (39–42, 44, 57).

These data demonstrate a unique role for Hmgn2 in the
development of enamel formation through the regulation of
multiple transcription factors. Furthermore, we have identified
a new role for miR-23 and epigenetic marks in modulating
Hmgn2 activity. The early embryonic expression of Hmgn2
suggests that it plays a role in modulating transcription factor
J. Biol. Chem. (2022) 298(9) 102295 11
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Figure 9. Models for the role of HMGN2, chromatin marks and miR-23a+b in the regulation of gene expression. A, a feedback loop occurs where
Pitx2, Lef-1, and β-catenin activates HMGN2 expression and then represses HMGN2 Pitx2 and Lef-1 transcriptional activity as well as other factors, miR-23
expression allows for the repression of HMGN2 expression so transcription factors can activate tissue-specific genes. This mechanism fine tunes HMGN2
expression during development. Pitx2, Lef-1, FoxJ1, Dlx2, and β-catenin regulate genes required for dental epithelial cell differentiation, amelogenin
expression, and ameloblast differentiation, which, leads to enamel mineralization. However, HMGN2 represses the transcriptional activity of these factors,
and miR-23a+b then acts at later stages of development to repress HMGN2 expression and facilitate enamel formation. B, inactive HMGN2/Pitx2 tran-
scription factor (TF) complex binds to H4K5ac and/or H3K4me2 histone marks in the chromatin. Specific cofactors release the inactive complex from
chromatin as an active complex, which can bind specifically to DNA enhancers and activate transcription of target genes (10). HMGN2, high mobility group
protein N2.
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activity during developmental stages. Hmgn2 may orchestrate
the ability of multiple factors to regulate gene expression in a
temporal–spatial mechanism. Interestingly, after birth, Hmgn2
is downregulated and does not appear to be required for ho-
meostasis. We show a role for Hmgn2 during tooth develop-
ment; however, it is also required for other tissue/organ
development. We speculate that the gene expression mecha-
nisms reported in these experiments are also important for
other tissue/organ developmental mechanisms.
Experimental procedures

Mouse strain breeding

All animals were housed, and all procedures were per-
formed in accordance with the guidelines approved by the
University of Iowa Office of Animal Care. All experimental
procedures were approved in accordance with the University
12 J. Biol. Chem. (2022) 298(9) 102295
of Iowa Institutional Animal Care and Use Committee
guidelines. The Hmgn2−/− mice were generated from
(Hmgn2tm1b(KOMP)Wtsi) knockout embryonic stem cells ob-
tained from KOMP repository. The Pitx2 TG mouse was
previously described (39).
miR microarray

Incisor and molar tooth germs were dissected from P0 and
P10 mice using a dissection microscope. To separate epithe-
lium and mesenchyme, the tooth germs were treated with
dispase II and collagenase I (Worthington) for 30 min at 37 �C.
This procedure separates the epithelium from the mesen-
chyme and allows for specific RNA extraction of the two tissue
types (31). Total RNAs including miR were prepared using
miRNeasy Mini Kit from Qiagen. LC Sciences performed the
miR microarray analyses.
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BiFC assay

The BiFC assay was performed as previously reported (38).
Lef-1 complementary DNA was cloned into the pFLAG-CMV-
2 plasmid (Sigma) containing an N-terminal fragment of EYFP,
and HMGN2 was ligated to a C-terminal fragment of EYFP in
the pFLAG-CMV-2 plasmid as shown in Figure 1A. YN or YC
fragments only were ligated into the vector and used as
negative controls. One microgram of each construct was
transfected into HEK-293 cells. After 24 h, Nikon 80i fluo-
rescence microscope was used to detect the fluorescence.

Fluorescence immunocytochemistry

Approximately 5000 cells were seeded on glass slides 24 h
prior to fixation. The slides were washed in 1× PBS and then
incubated in ice-cold acetone for 5 min at 4 �C. Fixed cells
were washed twice with PBS with Tween 20 (PBST) (5 min
each). Subsequently, the slides were incubated in 10% normal
goat serum–PBST for 30 min at room temperature for
blocking. Slides were then incubated with either amelogenin
Ab (Santa Cruz; 1:500 dilution), KI67 Ab (Abcam; 1:500
dilution), or HMGN2 Ab (Cell Signaling; 1:5000 dilution) at 4
�C overnight. Cells were rinsed with PBST three times, 10 min
each, and were incubated with goat anti-rabbit Alexa-488-
labeled secondary Ab (Invitrogen) for 30 min at 37 �C.
Finally, the cells were washed with PBST three times, 10 min
each, and counterstained using a mounting solution contain-
ing 40,6-diamidino-2-phenylindole.

LacZ staining

Embryos or postnatal pups of different stages were fixed for
20 to 40 min at room temperature in the fix solution (0.2%
glutaraldehyde, 2% formaldehyde, 2 mM MgCl2, 5 mM EDTA
[pH 8.0], and 100 mM NaH2PO4 [pH 7.3]) and washed three
times in rinse solution (0.2% Nonidet P-40 and 0.1% sodium
deoxycholate, 100 mM NaH2PO4 [pH 7.3], and 2 mM MgCl2).
Embryos were stained for 24 to 48 h at 37 �C in staining so-
lution (1.65 mg/ml potassium ferricyanide, 1.84 mg/ml po-
tassium ferrocyanide, 2 mM MgCl2, and 1 mg/ml X-gal in
rinse solution), rinsed in PBS, and postfixed in 4% para-
formaldehyde (PFA).

Histology, fluorescent immunohistochemistry, and trichrome
staining

Murine embryos or postnatal pups were used for histology
and fluorescence immunohistochemistry. Samples were fixed
in 4% PFA, dehydrated, and embedded in paraffin. Sections
were cut to 7 μm thickness and standard hematoxylin and
eosin staining to assess tissue morphology. Sections that were
used for fluorescence immunohistochemistry were rehydrated
and treated with 10 mM sodium citrate solution for 20 min at
a slow boil for antigen retrieval. These sections were incubated
with 10% goat serum–PBST for 30 min at room temperature,
followed by overnight incubation at 4 �C with an Ab against
one of the following proteins: amelogenin (Santa Cruz; 1:200
dilution), Hmgn2 (Millipore; 1:500 dilution), Ameb (Santa
Cruz; 1:200 dilution), Enml (Santa Cruz; 1:200 dilution), Ki67
(Abcam; 1:250 dilution), E-cadherin (BD Bioscience; 1:200
dilution), or Dspp (Santa Cruz; 1:200 dilution). After the in-
cubation, the slides were treated with Alexa-488 (FITC chan-
nel) or Alexa-555 (Cy3 channel)–labeled secondary Ab
(Invitrogen) at a concentration of 1:500 for 30 min. Each Ab
incubation was followed by 3 to 6 PBST washes. Nuclear
counterstaining was performed by applying a 40,6-diamidino-
2-phenylindole–containing mounting solution after the final
wash (Vector Laboratories). The trichrome staining was car-
ried out as previously described (31). Samples were stained
with azocarmin for 1 h at 50 �C and then stained with aniline
to differentiate nuclei. Finally, samples were stained with Or-
ange G and Aniline blue for 2 h.

Expression and luciferase reporter constructs

Pitx2A, Pitx2C, and HMGN2 complementary DNA were
cloned into pcDNA-3.1-MycHisC (Invitrogen) using cyto-
megalovirus (CMV) promoter to allow expression in eukary-
otic cells. miR-23a and miR-23b were cloned into pSilencer 4.1
(Life Technologies). A 5.3 kb upstream of Pitx2 TSS and 2.2 kb
upstream of amelogenin TSS were cloned into pTK-Luc vec-
tors to generate the promoter luciferase reporters.

The Hmgn2 30UTR was ligated to downstream of a lucif-
erase gene in pGL3 reporter vector (Promega). PCR-driven
overlap extension method was used to mutate the miR23-a/
b–binding site in Hmgn2 30UTR (AAUGUGA to CCGAGAC).
β-cat, Foxj1, Dlx2, Lef-1, Pitx2, and HMGN2 expression
constructs have been previously reported (10, 22, 23, 40, 42,
44). All the cloned constructs were confirmed by DNA
sequencing. All plasmids used for transfection were purified by
double banding in cesium chloride.

Cell culture, transfections, and reporter assays

LS-8 (61), HEK-293, and CHO cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin and transfected
by electroporation. MEFs were isolated and cultured from
E16.5 WT and HMGN2 TG embryos. Cells were resuspended
in PBS and mixed with 2.5 μg of expression plasmid, 5 μg of
reporter plasmid, and 0.2 μg of SV-40 β-galactosidase plasmid.
Transfection was performed by electroporation at 380 V and
950 mF (Gene Pulser XL; Bio-Rad) or using the Lipofectamine
2000 (Life Technologies) transfection reagent. Transfected cells
were incubated in 60 mm culture dishes, for 24 h unless
otherwise indicated, and fed with 10% fetal bovine serum and
Dulbecco’s modified Eagle’s medium. Following lysis, assays for
reporter activity (luciferase assay; Promega) as well as for
protein concentration (Bradford assay; Bio-Rad) were carried
out. β-galactosidase was measured using the Galacto-Light Plus
reagents (Tropix, Inc) as an internal normalizer. For each assay,
all luciferase activities were normalized to the mean value of
the first experimental group and are shown as mean ± SEM.

EMSA

Complementary oligonucleotides containing a Lef-1-
binding site within the Dlx2 promoter with flanking partial
J. Biol. Chem. (2022) 298(9) 102295 13
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BamHI ends were annealed and filled with Klenow polymerase
to generate 32P-labeled probes for EMSAs as described (10).
Standard binding assays were performed as previously
described (10). A titration of the bacteria expressed and pu-
rified HMGN2 protein was used in the assays. Lef-1 purified
protein was allowed to bind to the probe for 15 min, after
which purified HMGN2 protein was titrated and added to the
binding reaction. The samples were electrophoresed, visual-
ized, and quantitated as described previously (10).

Western blot assays

Cell lysates were analyzed on 12% SDS-PAGE gels.
Following electrophoresis, the protein was transferred to pol-
yvinylidene difluoride membrane (Millipore), immunoblotted,
and detected with a horseradish peroxidase–conjugated sec-
ondary Ab and ECL reagents from GE Healthcare/Amersham
Biosciences. The following polyclonal Abs were used to detect
the proteins: anti-β-tubulin (1:1000 dilution; Santa Cruz
Biotechnology), anti-Pitx2 (1:500 dilution; Capra Science), and
Hmgn2 (1:500 dilution; Millipore).

Real-time PCR assays

Total RNA was isolated from cells or mouse mandible and
maxilla tissues using miRNeasy Mini Kit. Reverse transcription
and quantitative real-time PCR were carried out with miScript
PCR system (Qiagen) according to the manufacturer’s proto-
col. All Ct numbers were below 35 cycles. PCR products were
examined by melting curve analysis, and the sequences were
confirmed. Fold changes were calculated using the 2–ΔΔCT

method. The primers used for qPCR are listed in Table 1. The
primers used to detect miR-23a/b were purchased from
Qiagen.

Imaging and microcomputed tomography

Mouse heads of littermate WT and HMGN2−/− mice were
dissected, fixed with 4% PFA overnight, and stored in 70%
ethanol for imaging. Microcomputed tomography was con-
ducted according to previous description (62).

ChIP assay

ChIP assays were performed as previously described (24)
using the ChIP Assay Kit (Zymo Research). LS8 cells were
crosslinked in 1% formaldehyde at room temperature for
7 min. Crosslinked cells were sonicated three times
Table 1
The sequence of the mouse qPCR and ChIP primers used for this stud

Forward

Genes and qPCR primers
B-actin GCCTTCCTTCTTGGG
Amelogenin TACCACCTCATCCTG
Pitx2 CTGGAAGCCACTTTC
Hmgn2 AAAACCAAGGTGAAG

ChIP primers
pre-miR-23a-27a-24-2 (Pitx2) TCCTGCCCTAACCTG
pre-miR-23a-27a-24-2 (con) GCCTCCCTGTTTGAT
pre-miR-23b-27b-24-1 (Pitx2) GAGCTGAGACCTGCT
pre-miR-23b-27b-24-1 (con) TGTGTGTGTGTGATG
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(6 s duration for each round, 25% of maximum amplitude) to
shear the genomic DNA in to 200 to 1000 bp fragments. Then
the DNA–protein complexes were immunoprecipitated with 5
μg Pitx2 Ab (Capra Science) or 5 μg rabbit IgG as control.
Precipitated DNAs were subjected to PCR to evaluate the
enrichment of Pitx2 binding.

The triple ChIP experiments were performed initially as
described previously; however, after the initial IP with the
chromatin factor and IgG control, the complexes were washed
with high salt buffer to remove the Ab and resuspended in
buffer. A second Ab and control IgG was used to pull down the
complex again, and the isolated complexes were washed
extensively in high salt buffer, followed by a third IP and
reverse crosslinked and processed. The primers used for PCR
are listed in Table 1. All the PCR products were analyzed on a
1.5% agarose gel for the correct size and confirmed by
sequencing.
Co-IP assay

Lef-1-Hmgn2, Dlx2-Hmgn2, and FoxJ1-Hmgn2 endoge-
nous complexes were IPed from LS-8 cells. Lef-1 Ab (Cell
Signalling), Dlx2 Ab (Affinity BioReagents, Inc) and FoxJ1
Ab (Millipore) using 2 ug of Ab to pull down endogenous
Hmgn2 using magnetic IgG Dynabeads (Thermo Fisher
Scientific), then were washed and eluted according to the
manufacturer’s recommendations, and subjected to Western
blot analysis. In other experiments, approximately 24 h after
cell transfection with β-catenin, HMGN2, and Lef-1 (2.5 μg),
CHO cells were rinsed with 1 ml of PBS and then incubated
with 1 ml ice-cold radioimmunopreipitation assay buffer for
15 min at 4 �C. Cells were harvested and disrupted by
repeated aspiration through a 25-gauge needle attached to a
1 ml syringe. The lysates were then incubated on ice for
30 min. Cellular debris was pelleted by centrifugation at
10,000g for 10 min at 4 �C. An aliquot of lysate was saved for
analysis as input control. Supernatant was transferred to a
fresh 1.5 ml microfuge tube on ice and precleared using the
mouse ExactaCruz F IP matrix (ExactaCruz F; Santa Cruz
Biotechnology) for 30 min at 4 �C. Matrix was removed by
brief centrifugation, and supernatant was transferred to a
new tube. An IP Ab–IP matrix complex was prepared as per
the manufacturer’s instructions using primary anti–β-cat-
enin Ab (Millipore). The IP Ab–IP matrix complex was
incubated with the precleared cell lysate at 4 �C for 12 h.
y

Reverse

TATG ACCACCAGACAGCACTGTG
GAAGC GTGATGAGGCTGAAGGGTGT
CAGAG AAGCCATTCTTGCACAGCTC
GACGA TCTGTGCCTGGTCTGTTTTG

TCAGA AGCTAAGGACCCAACCGACT
GTCTC CAGCTGGTTCTGTCATGCTC.
CATCC GGTGACTGACTGTCCTGTGC
TTTAAGGA CAGCTTTCTTTCTGTGTCAATGAT
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After incubation, the lysate was centrifuged to pellet the IP
matrix. The matrix was washed two times with PBS and
resuspended in 15 μl of double-distilled water and 3 μl 6×
SDS loading dye. Samples were boiled for 5 min and resolved
on a 10% polyacrylamide gel. Western blotting was used with
anti-HMGN2 Ab and horseradish peroxidase–conjugated
rabbit ExactaCruz F reagent to detect immunoprecipitated
proteins.
Statistical analysis

All quantified results are presented as mean ± SEM and with
an N value indicating the number of biological repeats. A two-
tailed unpaired Student’s t test and either one- or two-way
ANOVA were used to determine statistical significance.
Data availability

All data are contained within the article.

Supporting information—This article contains supporting
information.
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