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Abstract

Odontoblast differentiation depends on the orderly recruitment of transcriptional
factors (TFs) in the transcriptional regulatory network. The depletion of crucial
TFs disturbs dynamic alteration of the chromatin landscape and gene expression
profile, leading to developmental defects. Our previous studies have revealed
that the basic leucine zipper (bZIP) TF family is crucial in odontoblastic differ-
entiation, but the function of bZIP TF family member XBP1 is still unknown.
Here, we showed the stage-specific expression patterns of the spliced form Xbp1s
during tooth development. Elevated Xbp1 expression and nuclear translocation
of XBP1S in mesenchymal stem cells (MSCs) were induced by differentiation
medium in vitro. Diminution of Xbp1l expression impaired the odontogenic dif-
ferentiation potential of MSCs. The further integration of ATAC-seq and RNA-
seq identified Hspa9 as a direct downstream target, an essential mitochondrial
chaperonin gene that modulated mitochondrial homeostasis. The amelioration
of mitochondrial dysfunction rescued the impaired odontogenic differentiation
potential of MSCs caused by the diminution of XbpI. Furthermore, the overex-
pression of Hspa9 rescued XbpI-deficient defects in odontoblastic differentiation.
Our study illustrates the crucial role of XbpI in odontoblastic differentiation via
modulating mitochondrial homeostasis and brings evidence to the therapy of mi-
tochondrial diseases caused by genetic defects.

Abbreviations: ATP, adenosine triphosphate; BETA, Binding and Expression Target Analysis; bZIP, basic leucine zipper; CCK-8, Cell Counting
Kit-8; DM, differentiation medium; DP, dental papilla; ER, endoplasmic reticulum; FBS, fetal bovine serum; GO, gene ontology; GREAT, Genomic
Regions Enrichment of Annotations Tool; HE, Hematoxylin and eosin; IEE, inner enamel epithelium; IRElq, inositol-requiring enzyme 1a; MAM,
mitochondria-associated ER membrane; MMP, mitochondrial membrane potential; MSCs, mesenchymal stem cells; NFRs, nucleosome-free regions;
NR, nicotinamide riboside; PFA, paraformaldehyde; ROS, reactive oxygen species; RP, rank product; TEM, transmission electron microscopy; TFs,
transcription factors; TM, tunicamycin; UPRER, unfolded protein response pathway in ER; UPR™, UPR in mitochondria; XBP1, X-box-binding

protein 1.

© 2024 Federation of American Societies for Experimental Biology.

The FASEB Journal. 2024;38:€23600.
https://doi.org/10.1096/1j.202400186R

wileyonlinelibrary.com/journal/fsb2 10f19


https://doi.org/10.1096/fj.202400186R
www.wileyonlinelibrary.com/journal/fsb2
mailto:
https://orcid.org/0000-0003-3763-6195
mailto:
https://orcid.org/0000-0002-9656-2109
mailto:
https://orcid.org/0009-0008-0057-6452
mailto:
https://orcid.org/0009-0008-2616-5424
mailto:
https://orcid.org/0000-0002-9947-6687
mailto:
mailto:
https://orcid.org/0000-0003-2095-1324
mailto:zhichen@whu.edu.cn
mailto:liu.huan@whu.edu.cn

HUANG ET AL.

ﬂl_WF)ASEBJoumql

KEYWORDS

Xbp1, MSCs, odontoblastic differentiation, mitochondrial homeostasis, Hspa9

1 | INTRODUCTION

Teeth are crucial organs that impact chewing, pronun-
ciation, and facial aesthetics. Tooth development is ini-
tiated by oral epithelium thickening and subsequently
mediated by epithelial-mesenchymal interactions in-
volving molecular signaling pathway crosstalk to form
tissues such as enamel and dentin."? Dentinogenesis
requires highly organized odontoblast differentiation
and mineralization.!? Transcription factors (TFs) are
central to transcriptional regulatory networks of odon-
toblast differentiation." Our group previously revealed
that the basic leucine zipper (bZIP) TF family correlated
well with dynamic changes in the chromatin landscape
during odontoblastic differentiation.* Several bZIP
family members were verified to have a positive role in
odontoblastic differentiation,*® but the detailed mecha-
nism of other members remained elusive.

As a bZIP TF family member, X-box-binding pro-
tein 1 (XBP1) has been characterized as a common fate-
determining master regulator in mouse multilineage
development.”® Xbp1-deficient mice displayed embryonic
lethality and developmental defects in liver, heart, and
exocrine glands.” ' Xbpl mRNA has unique noncanoni-
cal splicing.' Briefly, the unspliced Xbp1 (Xbplu) mRNA
is spliced by the activated inositol-requiring enzyme 1la
(IREla) in endoplasmic reticulum (ER) membrane to
generate the ultimate spliced Xbpl (Xbpls) mRNA."***
The well-known function of XBP1 is involved in un-
folded protein response pathway in ER (UPR™®) under
ER stress or secretory burden.'>'* UPR™® is a conserved
signaling pathway to maintain ER homeostasis.'® Studies
have demonstrated that XBP1 regulates ER biogenesis and
function, especially in highly secretory cells via UPR™®
pathway.'’ ™ In contrast, a recent study indicated XBP1
functioned via direct transcriptional regulation to lineage-
determining factors in multilineage development inde-
pendent of UPR®R.” However, much less was known about
the detailed mechanism of Xbp1I in tooth development.

The dynamic coordination of cellular organelles is
essential in differentiation and development. Once the
homeostasis of organelles is disturbed, the progress of
differentiation and development will be hindered.***
Mitochondria are central to the energy supply among cel-
lular organelles and have distinctive dynamics during cell
differentiation.”” Mitochondrial homeostasis comprises
multiple aspects, including mitochondrial mass control,
fusion and fission, transport and anchoring, and crosstalk

with other organelles.”* The mitochondrial membrane po-
tential (MMP), adenosine triphosphate (ATP) production,
and mitochondrial fusion are increased during odontoblas-
tic differentiation, along with the reduction of reactive oxy-
gen species (ROS) generation, indicating the highly active
mitochondrial function.>* Inhibition of the mitochondrial
respiratory chain or mitochondrial fusion results in severely
impairs odontoblastic differentiation progress, implying the
essential role of mitochondrial homeostasis.?® However, the
detailed mechanism on how mitochondrial homeostasis reg-
ulates odontoblastic differentiation has yet to be elucidated.

In this study, we revealed the dynamic expression pattern
of Xbp1s at different stages of tooth development in vivo and
odontoblastic differentiation in vitro. Lentiviral knockdown
of Xbpl revealed its crucial role in odontoblastic differen-
tiation. We further combined ATAC-seq and RNA-seq and
inferred the downstream target, mitochondrial chaperone
protein gene Hspa9, closely related to mitochondrial homeo-
stasis. XBP1S modulated transcription of Hspa9 and mito-
chondrial homeostasis. In turn, ameliorating mitochondrial
dysfunction rescued the impaired odontogenic differentia-
tion caused by Xbp1 knockdown. The supplementary Hspa9
expression rescued the deficiency of XbpI-knockdown
MSCs in odontoblastic differentiation. Our study provides
insight into the function of Xbp1I and relevant mitochondrial
homeostasis in odontoblastic differentiation.

2 | MATERIALS AND METHODS

2.1 | Animals and embryo collection

All animal experiments were approved by the Institutional
Animal Care and Use Committee in School and Hospital of
Stomatology of Wuhan University (approval n0.07922010A).
Mouse embryos and neonatal pups were obtained from
timed pregnant C57/BL6 females. The heads of the samples
were carefully dissected and fixed in 4% paraformaldehyde
(PFA) overnight. Then, samples were dehydrated, embed-
ded in paraffin after sufficient decalcification, and prepared
into 5-pm thick slices for subsequent experiments.

2.2 | RNAscope in situ hybridization and
histologic analysis

RNAscope in situ hybridization was performed to detect
Xbpls mRNA with chromogenic labeling by RNAscope
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2.5 HD Reagent Kit-RED (Advanced Cell Diagnostics, CA,
USA). Hematoxylin and eosin (HE) staining was used for
tissue histological observation.

2.3 | Cell culture and cell treatments
MSCs were isolated from dental papilla of embryonic day
16.5 mice and cultured in DMEM (HyClone, UT, USA)
containing 10% fetal bovine serum (FBS) (HyClone, UT,
USA) and 1% streptomycin and penicillin at 37°C in 5%
CO,. To overcome the short lifespan of primary MSCs,
an immortalized cell line was established as previously
described”” and used in the following loss-of-function
experiments as a stable cell model. For odontoblastic
differentiation, cells were induced by the differentiation
medium (DM) supplemented with 10mM f-glycerol
phosphate (Sigma, MO, USA), 50 mg/mL ascorbic acid
(Sigma, MO, USA), and 10nM dexamethasone (Sigma,
MO, USA). Fresh media were replaced every 2 days. For
nicotinamide riboside (NR) treatment, cells were treated
with different concentrations of NR (MedChemExpress,
NJ, USA) in DMSO. DMSO alone served as the nega-
tive control. To mimic the ER stress, tunicamycin (TM)
(MedChemExpress, NJ, USA) was added to the medium
in the final concentration of 1pg/mL. HEK293T cells
were cultured in a complete medium the same as that
of MSCs.

2.4 | Total RNA extraction and RT-qPCR
Total RNA was extracted using the RNA Extraction kit
(Omega Bio-tek, GA, USA). One microgram total RNA was
reverse-transcribed to cDNA using a reverse transcription
mix (Vazyme, Nanjing, China). Subsequently, mRNA ex-
pression was determined by RT-qPCR with SYBR Green
Kit (Vazyme, Nanjing, China). The sequences of primers
synthesized by Sangon Biotechnology (Shanghai, China)
were shown in Table S1.

2.5 | Western blot analysis

Total proteins were collected using cell lysis buffer
(Merck Millipore, Darmstadt, Germany). For cell nu-
cleus/cytoplasm fraction isolation, the nuclear and cy-
toplasmic protein extraction kit (Beyotime, Shanghai,
China) was used. The equal protein of each sample
was separated by 10% SDS-PAGE gels after BCA pro-
tein quantification (Thermo Fisher Scientific, MA,
USA) and was transferred to PVDF membrane (Roche,
Mannheim, Germany) for subsequent western blotting.

;'IC-ASEBJournaI

The membranes were incubated with a quick blocking
solution (Pumoke Biotech, Wuhan, China), followed
by incubation with primary antibodies and correspond-
ing secondary antibodies (Merck Millipore, Darmstadt,
Germany). The primary antibodies used were anti-XBP1
(1:1000, NBP1-77681; Novus Biologicals, Littleton, USA),
anti-DMP1 (1:1000, 3844; BioVision, CA, USA), anti-
DSPP (1:1000, A8413; Abclonal, Wuhan, China), anti-
IRE1x(1:1000,ab37073; Abcam, MA, USA), anti-P-IRE1«
(1:1000, ab48187; Abcam, MA, USA), anti-BIP (1:1000,
11587-1-AP; Proteintech, Wuhan, China), anti-HSPA9
(1:1000, 14887-1-AP; Proteintech, Wuhan, China), anti-
Flag (1:1000, ANT301; Antgene, Wuhan, China), and
anti-p-ACTIN-HRP conjugated (1:4000, PMKO058M;
Pumoke Biotech, Wuhan, China). ECL solution (Pierce
Biotech, NY, USA) was used for signal detection.

2.6 | Cellimmunofluorescence

After being seeded in coverslips overnight, cells were
washed with PBS and fixed by 4% PFA. Then, cells were
further permeabilized using 0.1% Triton X-100 and
blocked with 3% bovine serum albumin. Primary anti-
body anti-XBP1 (1:200, NBP1-77681; Novus Biologicals,
Littleton, USA) was then utilized for incubation at 4°C
overnight, followed by incubation of subsequent second-
ary antibody Alexa fluor 594 goat anti-rabbit (Antgene,
Wuhan, China) and DAPI staining. Confocal microscopy
(Olympus, Tokyo, Japan) was used to obtain confocal flu-
orescence images of cells.

2.7 | Lentiviral packaging,
concentration, and transfection

For the stable Xbpl knockdown cell line establishment,
cellswere transfected by lentivirus Lenti-GFP-XbpI shRNA
(shXbpl) or control lentivirus Lenti-GFP-scrambled
shRNA (NC) purchased from GenePharma (Shanghai,
China). GFP-positive cells were sorted 72h after transfec-
tion for subsequent experiments.

Lentiviral vector plasmids pCDH-CMV-HSPA9-EF1-
GFP (overexpressing Hspa9 vector) and pCDH-CMV-
MCS-EF1-GFP (control vector) were purchased from
Genecreate (Wuhan, China). Then, lentiviral vector
plasmids were co-transfected with lentiviral packaging
plasmids psPAX2 and pMD2.G into HEK293T cells for len-
tiviral packaging. The lentivirus was concentrated by the
lentivirus concentration kit (Biodragon, Beijing, China)
for subsequent transfection. Cells were transfected by
Hspa9 overexpression (oeHspa9) lentivirus or control vec-
tor (CV) lentivirus according to the experimental design.



FIGURE 1 The expression pattern of
Xbp1s during tooth development. (A-D)
In situ hybridization images of Xbp1s
mRNA using RNAscope system and the
corresponding HE staining images in
different development periods of mouse
molar. E, embryonic day; PN, postnatal
day; Epi, epithelium; Me, mesenchyme;
IEE, inner enamel epithelium; DP, dental
papilla; preAm, ameloblast precursor
cells; Od, odontoblasts; Am, ameloblasts;
sOd, secretory odontoblasts. Blue

dashed lines indicated the epithelial-
mesenchymal border. Scale bar =100 pm.
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2.8 | Alizarin red S staining and cells were washed in PBS after staining and photographed
semi-quantification by an inverted microscope (Zeiss, Jena, Germany).

For semi-quantification, 10% cetylpyridinium chloride
Cells were stained in 1% Alizarin red S solution (Sigma, (Sigma, MO, USA) was used in a quantitative destaining

MO, USA) for 5min after being fixed by 4% PFA. Then, procedure for Alizarin red S.

FIGURE 2 Xbpl expression was increased and peaked at the early period during odontoblastic differentiation of MSCs in vivo and

in vitro. (A) In situ hybridization images for Xbp1s mRNA expression and the corresponding HE staining images in mouse incisor at
postnatal day 2.5. Blue dashed lines indicated the epithelial-mesenchymal border. pOd, preodontoblasts; polOd, polarized odontoblasts; sOd,
secretory odontoblasts; mOd, mature odontoblasts. Scale bar =100 pm. (B) The mRNA expression of Xbp1, Xbpls, Dmpl, and Dspp of MSCs
in differentiation medium (DM) on Day 0, 1, 3, 5, 7, and 9. (C) The protein expression of Xbp1, Dmp1, and Dspp of MSCs in differentiation
medium on Day 0, 1, 3, 5, 7, 9, 11, and 14. (D) The quantitative western blot results on proteins shown in (C). (E) Immunofluorescence
staining of XBP1 (red) detected by confocal laser scanning microscope after differentiation induction for 0, 12, and 24 h. Nuclei were
visualized by DAPI (blue). Scale bar =20 pm. (F) The protein expression of Xbp1 in the cytosol and nucleus isolated from MSCs after
differentiation induction for 0, 12, and 24h. GAPDH and Lamin B1 served as controls for cytoplasmic and nucleus fractions, respectively.
(G) The quantitative western blot results on proteins shown in (F). All experiments were performed in triplicate. *p <.05, **p <.01,

**¥p <.001, ****p <.0001 vs. Day 0 or Oh.
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FIGURE 3 Xbpl knockdown inhibited odontoblastic differentiation of MSCs in vitro. (A) The mRNA expression of Xbp1, Xbp1ls, Dmpl,
and Dspp in the XbpI-knockdown (shXbp1) group and negative control (NC) group upon differentiation induction on Days 0 and 9. (B) The
protein expression of Xbp1, Dmp1, and Dspp in shXbpl and NC groups upon differentiation induction on Days 0 and 9. (C) The quantitative
western blot results on proteins shown in (B). (D) Representative images with Alizarin red S staining after 9-day differentiation induction.
The upper were macroscopic images, and the lower were microscopic images. Scale bar =100 um. (E) Semi-quantitative evaluation of
Alizarin red S staining. All experiments were performed in triplicates. *p <.05, **p <.01, ***p <.001, ****p <.0001 vs. NC.

2.9 | ATAC-seq and data analysis

Library preparation and data analysis were done as previ-
ously reported.*®? Briefly, each group of cells was cultured
in differentiation medium for 3 days, and 50000 cells were
used for each library. After the lysis of cell membranes,

DNA tagmentation was performed by Tn5 transposase
(TD501; Vazyme, Nanjing, China). The DNA library was
purified by a purification kit (Qiagen, CA, USA), followed
by amplification and indexing with TurePrep™ Index Kit
V4 for Illumina (TD204; Vazyme, Nanjing, China). All
DNA libraries were cleaned by VAHTS DNA Clean Beads
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(Vazyme, Nanjing, China) and sequenced using Illumina
Novaseq 6000 (Illumina, CA, USA). After trimming and
mapping by trimmomatic v.0.38°° and bowtie2,' PCR
duplicates were removed using Picardtools (http://broad
institute.github.io/picard/). Deeptools2** was utilized to
generate bigwig files, and MACS2 (v 2.1.1)** was applied
for peak calling. The bigwig files were uploaded to the
UCSC genome browser for visualization. As for the analy-
sis of differentially accessible nucleosome-free regions
(NFRs), DiffBind (DESeq2 v.1.26.0)** was used, and the
result was annotated by Genomic Regions Enrichment of
Annotations Tool (GREAT).*> Homer package was used
to identify the motifs enriched in the NFRs of interest and
predict direct target regions of XBP1 further.*® The graphs
were plotted with custom R scripts.

210 | RNA-seq and data analysis

Total RNA samples were delivered to Wuhan Biobank Co.
Ltd (Wuhan, China), for RNA-seq library preparation and
analysis. Kallisto (v 0.44.0)” was adopted to quantify the
abundance of transcripts, and Sleuth R package®® was used for
differential analysis. Gene ontology (GO) enrichment analysis
was performed using Metascape® and plotted by R scripts.

211 | Binding and expression target
analysis (BETA)

BETA was a software tool to integrate peak data with tran-
scriptome data for target prediction.*” Genes were divided
into upregulated, downregulated, and unchanged groups.
Each gene had its regulatory potential score calculated by
peak distribution. Kolmogorov-Smirnov test was used to
test the difference between upregulated or downregulated
groups with unchanged groups. Direct target prediction
was performed by combining nearby peaks and differential
expression levels to generate the rank product (RP) value.

2.12 | Plasmid construction

For plasmid construction, Hspa9 enhancer element was
synthesized and cloned into the pGL3-promoter plas-
mid, and the Xbpls CDS cDNA-3 x Flag sequence was
synthesized and cloned into the expression plasmid
pcDNA3.1 by Genecreate (Wuhan, China). The KOD-
Plus-Mutagenesis Kit (Toyobo, Osaka, Japan) was used
to generate mutant Hspa9 enhancer plasmids with dif-
ferent predicted XBP1-binding motif site deletions.
Sanger sequencing was performed to validate (Sangon
Biotech, Shanghai, China).

Th|'IC-)A\SEBJourr1C|I

2.13 | Luciferase reporter assay

HEK293T cellswere seeded in 24-well platesadayin advance.
pGL3-promoter-Hspa9 enhancer, pGL3-promoter-Hspa9
enhancer-AS1, pGL3-promoter-Hspa9 enhancer-AS2, or
pGL3-promoter-Hspa9 enhancer-AS3 were co-transfected
with pcDNA3.1 or pcDNA3.1-Xbpls CDS-3xFlag by
Lipofectamine 2000 reagent (Invitrogen, CA, USA). pRL-
TK was used for the normalization of the transfection
efficiency. Each group of cells was harvested 48 h after trans-
fection. Dual-Luciferase Reporter Assay System (Promega,
WI, USA) and GloMax 20/20 Luminometer (Promega, W1,
USA) were applied for luciferase activity detection.

2.14 | CUT&RUN qPCR

CUT&RUN gPCR assay was performed according to
the manufacturer's instructions for the Hyperactive pG-
MNase CUT&RUN Assay Kit for gPCR (HD101; Vazyme,
Nanjing, China). Briefly, cells were collected on Day 3 of
in vitro odontoblastic differentiation and incubated with
ConA Beads Pro. The cell-bead complex was incubated
with anti-XBP1S (1:50, #40435; CST, MA, USA) or rab-
bit control IgG antibody (1:50, AC005; Abclonal, Wuhan,
China) at room temperature for 2h. After binding with
the pG-MNase enzyme, the cell-bead complex was frag-
mented by CaCl, solution at 4°C for 2h. Fragmentation
was terminated with a stop buffer. Spike-in DNA was used
as a control. The DNA product was isolated, purified, and
assayed by qPCR. Agarose gel electrophoresis was per-
formed for the qPCR product verification.

2.15 | Immunohistochemistry
Immunostaining of sections from postnatal day 2.5 mouse
incisor were carried out with the diaminobenzidine reagent
kit (Maixin, Fuzhou, China). The primary antibody used
was anti-HSPA9 (1:200, 14887-1-AP; Proteintech, Wuhan,
China). Slides were counterstained with hematoxylin.

216 | Mito Deep Red, Mito CMXRos, and
MitoSOX assays

Mitochondrial mass, mitochondrial membrane po-
tential, and mitochondrial ROS levels were meas-
ured using MitoBright LT Deep Red (Mito Deep Red)
(Dojindo Laboratories, Kumamoto, Japan), MitoTracter
Red CMXRos (Mito CMXRos) (Invitrogen, CA, USA),
and MitoSOX Red mitochondrial superoxide indicator
(MitoSOX) (Invitrogen, CA, USA), respectively. Briefly,
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FIGURE 4 Xbpl knockdown altered the chromatin landscape and gene expression profile in odontoblastic differentiation. (A)
Schematic representation of experimental workflow. (B) Nucleosome-free region (NFR) summit-centered heatmap of ATAC-seq signal

in NC_D3 and shXbp1_D3 cells. n=2-3. (C) Volcano plots of bulk RNA-seq data. Red and blue dots represented the upregulated and
downregulated genes in shXbpl_D3 cells. n=3. (D) Activative and repressive function prediction results by BETA analysis. The red and
violet lines indicated the upregulated and downregulated genes, respectively, whereas the black dotted line indicated genes without
differential expression. (E) Top ten predicted direct target genes by BETA analysis. The rank product (RP) values combined the regulatory
potential rank with the differential expression changed rank. (F) Top six enriched transcription factor (TF) motifs in shXbp1 lost NFRs.
PWM, position weighted matrix. (G) Gene ontology (GO) enrichment for the downregulated genes in shXbpl_D3 RNA-seq data.

cells were stained for 30 min in 100nM Mito Deep Red,
100nM Mito CMXRos, or 2pM MitoSOX and rinsed to re-
move excess dyes. Flow cytometry (BD Biosciences, CA,
USA) was performed for quantitative analysis and further
verified by confocal microscopy (Olympus, Tokyo, Japan).

217 |
(TEM)

Transmission electron microscopy

Cells were fixed immediately with 2.5% glutaraldehyde and
sent to Servicebio (Wuhan, China) for subsequent process-
ing. The ultrathin sections were prepared and stained fol-
lowing the standard workflow. Images of the respective
areas were taken under transmission electron microscopy.

2.18 | SiRNA transfection

SiRNA was designed and synthesized by Genecreate
(Wuhan, China). SiRNA sequences were shown in sup-
plemental information. For Hspa9 knockdown, cells were
transfected with Hspa9 siRNA or negative control siRNA
using Lipofectamine 2000 reagent (Invitrogen, CA, USA).

219 | Cell counting kit-8 (CCK-8)

Cell viability was analyzed by the CCK-8 kit (Yeasen,
Shanghai, China). Cells were seeded in 96-well plates and
cultured with appropriate treatments. After 2h of 10% of
CCK-8 solution incubation, optical density values were
read at 450nm using a microplate spectrophotometer
(Bio-Tek, Swindon, UK).

2.20 | Quantification of total and
secretory proteins

The total and secretory proteins were collected from cell
lysate and culture supernatant, respectively, and their
volumes were recorded. The protein concentrations were
measured and standardized using a BCA Protein Assay

Kit (Thermo Fisher Scientific, MA, USA). The protein
mass was obtained by multiplying the protein concentra-
tion by the volume.

2.21 | ER Tracker assay

ER content was measured using ER Tracker (Beyotime,
Shanghai, China). In brief, cells were stained for 30 min
and detected by flow cytometry (BD Biosciences, CA,
USA) after being rinsed several times.

2.22 | Statistical analyses

One-way ANOVA was applied for multiple group com-
parisons, and Student ¢ test (two-tailed) was applied to
compare two groups, except for data analysis of high-
throughput sequencing results. p <0.05 was assigned sta-
tistical significance.

3 | RESULTS
3.1 | Xbpl had a stage-specific expression
pattern during tooth development

To thoroughly reveal the expression patterns of the active
form of Xbp1, namely XbpIs, we performed in situ hybridi-
zation of the Xbp1s mRNA-specific probe at various tooth
development stages. At the cap stage (Embryonic day 14.5,
E14.5), Xbpls was mainly expressed in osteogenic fronts
and barely detected in the whole tooth germ (Figure 1A).
The ubiquitous expression of Xbpls was observed at
E16.5, the early bell stage (Figure 1B). At this stage, Xbp1s
was mainly expressed in inner enamel epithelium (IEE)
and dental papilla (DP) near the epithelial-mesenchymal
border. Moreover, Xbp1s was highly expressed in the max-
illa and mandible bone area. At E18.5, the late bell stage,
IEE cells were differentiated into ameloblast precur-
sor cells, while the adjacent DP cells were differentiated
into odontoblasts (Figure 1C). The expression of Xbpls
was restricted to the ameloblast precursor cell layer and
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FIGURE 5 XBP1S modulated Hspa9 transcription and mitochondrial homeostasis in odontoblastic differentiation. (A) The mRNA
expression of Hspa9 in shXbp1 and NC groups upon differentiation induction on Days 0 and 9. (B) The protein expression of Hspa9 and

the quantitative results in shXbpl and NC groups upon differentiation induction on Days 0 and 9. (C) Visualization of ATAC-seq results

at Hspa9 locus from UCSC genome browser. XbpI-dependent NFRs were shaded in yellow. (D) Dual-luciferase reporter assay results
showed the relative enhancer activity of Hspa9 enhancer reporter with different mutation sites. Luciferase activity was normalized by
Renilla luciferase. (E) CUT&RUN qPCR result showed the enrichment of XBP1S signal at Hspa9 enhancer. (F) Flow cytometry analysis of
mitochondrial mass by Mito Deep Red in shXbp1 and NC groups on Day 9. (G, I) Flow cytometry analysis (G) and representative confocal
images (I) of mitochondrial membrane potential (MMP)-sensitive Mito CMXRos staining in shXbpl and NC groups on Day 9. GFP indicated
the transfect intensity of lentivirus. BF, bright field. Scale bar=40pm. (H, J) Flow cytometry analysis (H) and representative confocal images
(J) of mitochondrial reactive oxygen species (ROS) levels by MitoSOX dye in shXbp1 and NC groups on Day 9. GFP indicated the transfect
intensity of lentivirus. BF, bright field. Scale bar =40 pm. (K) Transmission electron microscopy (TEM) representative micrographs of
shXbp1l and NC groups on Day 9. Yellow stars indicated mitochondria, and green arrows represented endoplasmic reticulum. N, nucleus.
Scale bar =10 pm. (L) Mitochondrial length measurement in TEM micrographs of shXbp1 and NC groups on Day 9. All experiments were
performed in triplicates. *p <.05, **p <.01, ***p <.001, ****p <.0001 vs. NC.

odontoblast layer, peaking in the cusps of the odontoblast
layer. At the following secretory stage (postnatal day 2.5),
the expression of Xbp1Is in differentiated ameloblasts was
markedly elevated, whereas that in tall columnar secre-
tory odontoblasts was decreased (Figure 1D). The stage-
specific expression patterns of Xbpls mRNA suggested a
unique role of Xbp1 during tooth development.

3.2 | Xbpl expression and nuclear
translocation of XBP1S were enhanced
during odontoblastic differentiation of
MSCs

We further examined the Xbpls mRNA expression in
mouse incisor at PN2.5. The result revealed that Xbp1s
mRNA expression was increased and peaked at the
polarized stage of odontoblasts (Figure 2A). A simi-
lar expression pattern of Xbp1 was shown in the tSNE
plot of single-cell RNA-seq results which unveiled
the odontogenic lineage cells of E18.5 mouse molars
(Figure S1A).

During in vitro odontoblastic differentiation of
MSCs, the expression of Xbpl was gradually increased
and peaked at Day 3 in both mRNA and protein lev-
els (Figure 2B-D). The expression pattern of upstream
regulator P-IRE1 was consistent with XBP1S, while
the expression of ER chaperone BIP, a classical UPR®®
downstream of XBP1, was increased continuously during
odontoblastic differentiation (Figure S1B,C). Considering
the function of XBP1 in active transcriptional regulation,
we performed immunofluorescence staining and western
blotting of XBP1 at an early period in odontoblastic dif-
ferentiation, and results showed the enhanced nuclear
translocation of XBP1S (Figure 2E-G). XBP1-targeting
genes (regulons) were located predominantly in odon-
toblasts of E18.5 mouse molars, implying the active TF
function of XBP1 (Figure S1D).

3.3 | Xbplknockdown impaired
the odontoblastic differentiation
potential of MSCs

After unveiling the characteristic expression pattern of
Xbpl during odontoblastic differentiation, we investi-
gated the loss-of-function phenotype of XbpI using the
mesenchymal stem cell line established as previously de-
scribed.?” Initially, we transferred MSCs with designed
RNA interference lentivirus and verified the knockdown
efficiency in mRNA and protein levels (Figure 3A-C).
After differentiation induction for 0 or 9days, the expres-
sions of odontogenic markers Dmp1 and Dspp were nota-
bly decreased in the protein level despite a slight increase
in the mRNA level (Figure 3A-C). Notably, the expression
of UPR"™® downstream target BIP was unchanged in the
shXbp1 group, ruling out the possibility of UPR"® resist-
ance (Figure S2A-D). Alizarin red S staining results and
the semi-quantitative analysis indicated that cells in the
shXbpl group formed significantly less mineralized nod-
ules on Day 9, demonstrating the impaired odontoblast
differentiation potential of MSCs caused by Xbp1 knock-
down (Figure 3D,E). The results mentioned above implied
a positive role of Xbpl in odontoblast differentiation in-
dependent of UPRER, but the molecular mechanism un-
derlying the role of Xbpl in odontoblast differentiation
remains elusive.

3.4 | Xbplknockdown decreased
chromatin accessibility and the
expression level of gene set associated
with mitochondria in odontoblastic
differentiation

To further explore the mechanism, we performed ATAC-
seq and RNA-seq to reveal the chromatin landscape and
gene expression profile of shXbpl and NC groups during
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FIGURE 6 The impaired odontoblastic differentiation capability was rescued by ameliorating Xbp1 knockdown-induced mitochondrial
dysfunction. (A) Schematic representation of experimental workflow. (B) Flow cytometry analysis of mitochondrial mass by Mito Deep

Red in shXbp1 and NC groups with or without NR treatment upon differentiation induction on Day 9. (C) Flow cytometry analysis of
MMP-sensitive Mito CMXRos staining in shXbp1 and NC groups with or without NR treatment upon differentiation induction on Day

9. (D) Flow cytometry analysis of mitochondrial ROS levels by MitoSOX dye in shXbpl and NC groups with or without NR treatment

upon differentiation induction on Day 9. (E) The protein expression of Dmp1, Dspp, and Hspa9 in shXbp1 and NC groups with or

without NR treatment upon differentiation induction on Day 9. (F) The quantitative western blot results on proteins shown in (E). (G)
Representative images with Alizarin red S staining after 9-day differentiation induction. The upper were macroscopic images, and the

lower were microscopic images. Scale bar =50 pm. (H) Semi-quantitative evaluation of Alizarin red S staining. *p <.05, **p <.01, ***p <.001,

**¥%p <.0001 vs. the corresponding group.

odontoblastic differentiation. Our previous study found
that the chromatin accessibility associated with bZIP
family motifs was most significantly altered on Day 3
of in vitro odontoblastic differentiation*; therefore, we
performed the high-throughput sequencing on Day 3
(Figure 4A). Analysis of the ATAC-seq atlas showed 2181
regions were enriched in the NC group while 510 re-
gions were enriched in the shXbp1 group, indicating that
Xbp1 knockdown was accompanied by decreased chro-
matin accessibility during odontoblastic differentiation
(Figure 4B). Transcriptome landscapes from RNA-seq
data identified 1563 upregulated genes and 1109 down-
regulated genes (Figure 4C).

We combined the chromatin accessibility landscape
with the gene expression profile using BETA analysis.*’
Activative and repressive function prediction results re-
vealed that the downregulated gene set had a much higher
regulatory potential score in shXbp1 lost NFRs than other
gene sets, consistent with the transcriptional activation
function of XBP1 (Figure 4D). The direct target prediction
of XBP1 found 56 potential target genes (Table S2), and
the top 10 genes were shown in Figure 4E. The motif en-
richment analysis of 2181 Xbp1-dependent NFRs discov-
ered six highly enriched motifs (Figure 4F). Except for the
bZIP motif family, RUNX motif enrichment was the same
as in our previous study of several vital TFs in odontoblas-
tic differentiation.?®*>*!

Gene ontology (GO) enrichment analysis of 2181
Xbpl-dependent NFRs using GREAT showed the enrich-
ment in absent teeth and other abnormal developments
(Figure S3). Interestingly, downregulated genes were en-
riched in GO terms, such as mRNA and rRNA process-
ing, transcriptional coregulator activity, and translational
regulator activity, indicating relatively decreased tran-
scription and translation levels (Figure 4G). They were
also enriched in GO terms associated with mitochondrial
homeostasis, such as mitochondrial inner membrane, mi-
tochondrial matrix and mitochondrial nucleoid of cellu-
lar component, and mitochondrial transport of biological
process (Figure 4G). GO enrichment results suggested
that Xbp1 knockdown impaired cell biological processes
and mitochondrial function. We further integrated the

predicted target genes with GO enrichment results and
found that Hspa9 was most likely the direct target of XBP1.

3.5 | XBP1S modulated Hspa9
transcription and mitochondrial
homeostasis in odontoblastic
differentiation

The mRNA and protein expression levels of predicted
target Hspa9 in the shXbpl group were significantly de-
creased following Xbp1 knockdown on Day 0 and Day 9 of
odontoblastic differentiation (Figure 5A,B). In the down-
stream of the Hspa9 locus, we noticed that an ATAC-seq
peak was markedly decreased in shXbp1 groups, indicat-
ing that XBP1 controlled Hspa9 by directly regulating the
associated enhancer (Figure 5C). To detect whether the
Xbpl-dependent NFRs exert enhancer activity of Hspa9,
we performed the dual-luciferase reporter assay and
chose three bZIP family motifs by the JASPR website as
the potential binding motif sites of XBP1S. The results
showed the binding motif sites 1 and 2 within Hspa9
enhancer directly regulated by XBP1S (Figure 5D). The
direct regulatory function of XBP1S on Hspa9 enhancer
was further validated by CUT&RUN qPCR. The anti-
XBP1S CUT&RUN qPCR result revealed the enrichment
of XBP1S signal at one of Hspa9 enhancers, which was
coherent with the analysis of ATAC-seq (Figures 5E and
S5). In addition, the Hspa9 expression showed the same
pattern as Xbpls expression during in vivo odontoblastic
differentiation, implying the strong link between Hspa9
and Xbp1 (Figure S6A).

As a chaperone protein, HSPA9 is actively involved
in stabilizing and importing nuclear gene products
and refolding mitochondrial precursor proteins.*** It
has also been verified as an essential tether protein for
mitochondria-associated ER membrane (MAM) for-
mation through the IP3R-GRP75-VDAC1 complex.*
Various studies have demonstrated that HSPA9 regulated
mitochondrial homeostasis, including mitochondrial
function, fusion, and MAM formation.***% To further
unveil the role of Hspa9 in odontoblastic differentiation,



HUANG ET AL.

MﬁA\SEBJoumGI

(A)

Q"? HSPA9
9
1.5
& & F
[} Ead
- @
HSPA9 £3 10
75kDa gR -
®5
£ £
% B 0.5
B-ACTIN | S—| 0, <
K
©
0.0
CV oeHspa9

(©)

Mitochondrial membrane potential

Mito CMXRos

Unstained

shXbp1+CV D9

NC+CVD9 | G
NC+oeHspa9 D9:

Relative fluorescence intensity
(fold change)

shXbp1+oeHspa9 D9

1 3
10 10

Mito CMXRo§ —M8M™

% of Max

LRIl e

5 7
10 10

(E)

oeHspa9

NC  shXbp1

DMP1 60kDa

DSPP

HSPA9

B-ACTIN

(@)

oeHspa9

(B)

(D)

(F)

NC

NC

shXbp1

Rel. protein expression

Mitochondrial mass

% of Max

4 Unstained E
_ . T
T =
NC+CV D9 ! H
: ¢o
shXbp1+CV D9: 38
NC+oeHspad DIB

shXbp1 +oeHspa95 D9

Mito Deep Red —8M8M8M8@™Mm >

Mitochondrial superoxide

Mito Deep Red

; MitoSOX
3 Unstained g 20 —_—
IS 2 —
AR 28] T
; NC+CV D9 25 1.0 o=
; 5§z
: 3¢
' shXbp1+CV D9 PR
3 § 0.0
i NC+oeHspa9 D9 [ S S P
3 : S8 PP
é ! shXbp1-+oeHspad DO & & & &
°\° MRRILL | ""”'l"""" R BELLALLLL LB | é‘\ éo PQN
1 2 3 4 5 [ 7 &
10 10 10 10 10 10 10
MitoSOX ———————————»
1.5+
ns ns o NC+CV D9
sk 2 e shXbp1+CV D9
— *kkk
1.0 81'_‘ 3 P ki k2 o NC+oeHspa9 D9
o
i 1 M o shXbp1+oeHspad D9
0.5+
0.0 T T T
DMP1 DSPP HSPA9
(H)
Alizarin red
1.0
—_— ns
£ | ———
& ns
8 —
g 0.5
3 el e Fonwe
>
[a] 8
o
0.0 T T T T
S S )
oxo ,\xo qu ng
§ & &
S
& W N
¥



HUANG ET AL.

15 of 19

#\SEBJourml

FIGURE 7 Theimpaired phenotype of Xbp1-deficient MSCs in odontoblastic differentiation was rescued by overexpressing Hspa9.

(A) Validation of Hspa9 overexpression by western blot analysis. (B) Flow cytometry analysis of mitochondrial mass by Mito Deep Red

in NC-CV, shXbp1-CV, NC-oeHspa9, and shXbpl-oeHspa9 groups upon differentiation induction on Day 9. (C) Flow cytometry analysis

of MMP-sensitive Mito CMXRos staining in each group cells upon differentiation induction on Day 9. (D) Flow cytometry analysis of
mitochondrial ROS levels by MitoSOX dye in each group cells upon differentiation induction on Day 9. (E) The protein expression of Dmp1,
Dspp, and Hspa9 in each group cells upon differentiation induction on Day 9. (F) The quantitative western blot results on proteins shown
in (E). (G) Representative images with Alizarin red S staining after 9-day differentiation induction. The upper were macroscopic images,
and the lower were microscopic images. Scale bar = 50 pm. (H) Semi-quantitative evaluation of Alizarin red S staining. *p <.05, **p <.01,

**%p <.001, ****p < .0001 vs. the corresponding group.

we prepared Hspa9-knockdown MSCs by Hspa9 siRNA
transfection and chose the most effective one for subse-
quent experiments (Figure S6B,C). Hspa9 knockdown
led to the decreased expression of DMP1 and DSPP and
the impaired formation of calcium nodule on Day 9
(Figure S6D-G).

We measured mitochondrial mass, mitochondrial
membrane potential (MMP), and mitochondrial ROS lev-
els in shXbpl and NC groups after differentiation induc-
tion to examine mitochondrial homeostasis (Figure 5F-J).
Results showed that the mitochondrial mass and MMP of
MSCs in the shXbpl group were significantly decreased,
and the mitochondrial ROS level was significantly in-
creased in the shXbp1 group compared with the NC group,
indicating that Xbpl knockdown led to mitochondrial
dysfunction in MSCs during odontoblast differentiation.
Transmission electron microscopy (TEM) observation
showed slightly swollen round mitochondria with re-
duced mitochondrial crista and mitochondrial length in
MSCs of the shXbpl group (Figure 5K,L). Notably, the
distance between rough ER and mitochondria was lon-
ger, and the rough ER was significantly enlarged. Taken
together, results demonstrated that XBP1 modulated
mitochondria function, fusion, and MAM formation via
the transcriptional regulation of Hspa9 in odontoblastic
differentiation.

3.6 | The attenuation of mitochondrial
dysfunction rescued the impaired
odontoblastic differentiation potential of
Xbp1-knockdown MSCs

To examine whether mitochondrial dysfunction plays
an essential role in the impaired odontoblastic differen-
tiation potential in the shXbp1l group, we used NR as a
therapeutic agent*® to treat cells of the shXbpl and NC
groups, respectively (Figure 6A). We chose 100 pM as
the optimum concentration of NR according to the cell
activity measurement under NR treatment with differ-
ent gradient concentrations (Figure S7). After NR treat-
ment, the decreased mitochondrial mass and MMP were
upregulated, and the elevated mitochondrial ROS level

was reduced in the shXbp1 group, which indicated the at-
tenuation of mitochondrial dysfunction (Figure 6B-D).
The protein expression level of Hspa9 was also recovered
by NR treatment simultaneously. The expression levels
of specific markers Dmpl and Dspp were also upregu-
lated by NR treatment in the shXbpl group after 9-day
odontoblastic differentiation (Figure 6E,F). Alizarin red
S staining and semi-quantitative evaluation further veri-
fied the recovery of odontoblastic differentiation poten-
tial in cells of the shXbp1 group (Figure 6G,H). Overall,
the attenuation of mitochondrial dysfunction by NR
treatment successfully improved the impaired odonto-
blastic differentiation potential in XbpI-knockdown
cells.

3.7 | Overexpression of Hspa9
rescued the defects of Xbp1-deficient MSCs
in odontoblastic differentiation

We constructed alentivirus overexpressing Hspa9torescue
Hspa9 expression in Xbp1-knockdown MSCs. The expres-
sion efficiency of Hspa9 overexpression (oeHspa9) lenti-
virus was verified at the protein level (Figure 7A). After
transfection of oeHspa9 lentivirus, the mitochondrial dys-
function of shXbpl group cells was alleviated, indicated
by the upregulated mitochondrial mass and MMP along
with the reduced mitochondrial ROS level (Figure 7B-D).
Furthermore, the recovery of Hspa9 expression notably
enhanced the DMP1 and DSPP expression of shXbp1 cells
and rescued the impaired calcium nodule-forming ability
of shXbpl1 cells (Figure 7E-H). However, overexpressing
Hspa9 impaired the mitochondrial function of NC cells,
implying the dual role of Hspa9 in mitochondrial homeo-
stasis. Taken together, the sufficient expression of Hspa9
was crucial in odontoblastic differentiation, especially in
Xbpl-knockdown MSCs.

4 | DISCUSSION

Transcriptional regulatory network centered on TFs has
been extensively involved in cell fate determination during
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tooth development.> Our study showed that XBP1 was
expressed during odontoblastic differentiation and func-
tioned as an active TF, similar to other bZIP family mem-
bers such as ATF2, ATF5, and ATF6.*°® The alterations in
chromatin accessibility and transcriptome atlas caused by
Xbpl knockdown indicated that the odontoblastic differ-
entiation process and the mitochondrial biological activity
were disturbed. Mitochondrial quality control regulation
was of great importance in the lifetime of organisms, in-
cluding development and aging.*”** Previous studies have
shown that odontoblastic differentiation is closely as-
sociated with mitochondrial function and dynamics.?>
Combining ATAC-seq and RNA-seq data using BETA
analysis, we found Hspa9 to be the direct target gene of
XBP1 and verified the direct binding between XBP1S and
Hspa9 enhancer. Published research demonstrated that
the perturbed mitochondrial network decreased protein
synthesis.* Our GO analysis results also showed that
downregulated genes in XbpI-knockdown cells were as-
sociated with translation attenuation. Additionally, the
protein content of cell lysate was decreased in Xbpl-
knockdown cells after 9-day odontoblastic differentiation
(Figure S8A). The slight increase in the mRNA level of
Dmpl and Dspp might attribute to the transcriptional-
translational conflict induced by slowing translation.*

IRE1a-XBP1 axis is the crucial branch of UPR"®. Under
stress, UPR™® predominated in highly secretory cells with
well-developed ER, while UPR in mitochondria (UPR™)
was less important.”>*> UPR™ had a strong link with
UPR™® %> Increasing evidence indicated that some key
factors, such as ATF4, ATF5, and CHOP, acted as the cross-
talk hubs of UPR®® and UPR™.>*>¢ Mitochondrial chaper-
ones such as HSPAY, proteases such as LONP, antioxidants
such as SOD2, and protein import components were the
downstream targets of UPR™ pathway.*® Interestingly, the
knockdown of Xbp1 in MSCs did not downregulate UPR™®
pathway, implying that the function of XBP1 in odontoblas-
tic differentiation was independent of UPR®®, We revealed
that XBP1 acted as a novel hub between UPR™® and UPR™
pathway via transcriptional regulation of Hspa9. UPR™
pathway was involved in odontoblastic differentiation pos-
sibly due to the undeveloped ER and high energy demand
for differentiation in immature odontoblasts.

Increased expression of Xbp1 during tooth development
can hint at ER stress. Previous studies have demonstrated
ER stress was involved in odontogenic differentiation, and
ER stress signaling pathways, including UPR®® pathway,
were activated during odontogenic differentiation due to
the increased secretory demand of ameloblasts and odon-
toblasts.”” However, our study revealed that XbpI expres-
sion peaked at polarized odontoblasts and then decreased,
which was inconsistent with ER stress changes. Xbpl
knockdown didn't affect ER stress-associated pathways in

odontoblastic differentiation. Additionally, the sScRNA-seq
and high-resolution mass spectrometry study of Xbp1~/~
embryos showed canonical Xbpl targets related to the
UPR™® displayed no significant changes in lineage matu-
ration.” All of these results indicated a direct role of Xbp1
in cell fate determination via transcriptional regulation,
which was independent of the UPREX,

The mitochondrial-ER communication was the cru-
cial regulator in the lineage-specific differentiation of
stem cells, which mainly depended on the mechanistic
connection between mitochondrial and ER.*® As the
component of mitochondrial-ER contact, HSPA9 con-
trolled ER-mitochondria tethering and their calcium ion
transport and further regulated mitochondrial metabo-
lism and ER homeostasis.”*® In our study, Xbp1 knock-
down in MSCs led to deficient expression of Hspa9 during
odontoblastic differentiation. For mitochondrial metab-
olism, the measurement results of mitochondrial mass,
MMP, and ROS level illustrated mitochondrial dysfunc-
tion caused by Xbp1 knockdown. Additionally, the mito-
chondrial-ER contact was attenuated, and the rough ER
was enlarged. The ER content and secretory protein level
of shXbp1 cells were also reduced, which might be as-
sociated with ER homeostasis (Figure S8B,C). However,
more evidence was needed for the detailed mechanism of
XBP1 and HSPA9 in ER homeostasis during odontoblas-
tic differentiation.

The therapy of primary and secondary mitochondrial
diseases characterized by mitochondrial dysfunction was
still a clinical conundrum. Recently, UPR™ modulation,
such as NR treatment, functioned as a promising therapeu-
tic target already verified in treating mitochondrial diseases
such as diabetes, osteoarthritis, and neurodegenerative
diseases.®** In our study, we chose NR as the therapeu-
tic reagent for mitochondrial dysfunction in shXbpl cells,
further confirming the recovery of odontoblastic differenti-
ation potential after NR treatment. The deficient expression
of Hspa9 was also increased to a normal level. Our result
illustrated that UPR™ modulation provided a novel treat-
ment for mitochondrial diseases caused by genetic defects.

In summary, our study revealed the stage-specific ex-
pression pattern of XbpI during tooth development and
investigated the positive function of XBP1 during odon-
toblastic differentiation. XBP1 modulated the chromatin
landscape and gene expression profiles in odontoblas-
tic differentiation, primarily regulating mitochondrial
homeostasis via the transcriptional control of Hspa9.
Mitochondrial dysfunction in MSCs impaired the odon-
toblast differentiation potential, and the attenuation of
mitochondrial dysfunction successfully rescued the odon-
toblast differentiation. Furthermore, the rescue of Hspa9
expression protected the mitochondrial homeostasis and
odontoblast differentiation potential of Xbpl-deficient
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MSCs. Our study provided insight into the function of
XBP1 and the dynamic coordination of organelles during
odontoblast differentiation.
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