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ABSTRACT
UFMylation is a conserved ubiquitin-like post-translational modification that controls protein stability and tissue homeostasis, 
while its role in amelogenesis remains largely uncharacterized. Here, we investigated the function of UFL1, the sole E3 ligase of 
the UFMylation pathway, in mammalian enamel development using K14-Cre-mediated epithelial-specific Ufl1 knockout mice. 
Ufl1 ablation caused severe amelogenesis imperfecta, with impaired enamel deposition, hypomineralization, and progressive 
tooth damage, accompanied by abnormal cervical loop development. Transcriptomic profiling revealed elevated endoplasmic 
reticulum stress and dysregulated expression of enamel mineralization genes, including significant downregulation of down-
stream targets of RUNX2, a master regulator of amelogenesis. We further demonstrated that UFL1 and DDRGK1 directly inter-
acted with RUNX2, and UFL1-mediated UFMylation stabilized RUNX2 protein at the post-translational level. Taken together, 
this study identifies a novel UFMylation-RUNX2 regulatory axis essential for amelogenesis, providing new mechanistic insights 
into amelogenesis imperfecta and potential therapeutic targets for dental enamel defects.

1   |   Introduction

Ubiquitin and ubiquitin-like (UBL) modifications represent a 
class of post-translational modifications that play pivotal regu-
latory roles in numerous cellular processes. By modulating the 
protein–protein interactions and stability of their target pro-
teins, these UBL modifications govern proteomic complexity 
and functional homeostasis [1]. Among them, UFMylation is 
highly conserved across nearly all eukaryotic organisms, with 
its regulatory network participating in diverse biological pro-
cesses including hematopoiesis, the endoplasmic reticulum (ER) 
stress response, the unfolded protein response, and the DNA 
damage response [1, 2].

The UFMylation pathway exerts regulatory effects on sub-
strate functions through the covalent conjugation of ubiquitin 
fold modifier 1 (UFM1) to target proteins [3]. It is a reversible 

post-translational modification that relies on a simple enzymatic 
cascade consisting of the E1 enzyme UBA5, E2 enzyme UFC1, 
and the sole E3 ligase UFL1, together with two UFM1-specific 
proteases (UFSP1 and UFSP2) that mediate deUFMylation [1]. 
During the UFMylation process, UFL1 mediates the covalent at-
tachment of the ubiquitin-like modifier UFM1 to lysine residues 
on target proteins, a process that requires the structural comple-
mentarity between UFL1 and DDRGK1 [1, 2].

Mutations or loss-of-function of UFMylation pathway compo-
nents are highly associated with various human disorders and 
multiple mouse developmental abnormalities [1, 2, 4]. Specifically, 
mutations in UFM1, UBA5, and UFC1 are linked to early-onset 
encephalopathy and defective brain development in humans 
[5–8]. In mice, ablation of Ufl1, Uba5, or Ufbp1 leads to im-
paired erythroid differentiation and embryonic lethality [9–11]. 
Additionally, neuron-specific knockout of either Ufl1 or Ddrgk1 
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(also known as Ufbp1) leads to marked neuronal loss and in-
flammation, highlighting their indispensable role in adult mouse 
mature neuronal survival [12]. Furthermore, mice with central 
nervous system (CNS)-specific Ufm1 deletion exhibit neonatal 
lethality, microcephaly, and targeted neuronal apoptosis, which 
underscores the critical function of the UFM1 system in CNS de-
velopment and homeostasis [8]. Beyond the nervous system and 
hematopoiesis, UFMylation is also required for the development 
and homeostasis of other tissues and organs [13–17]. For exam-
ple, nephron tubule-specific Ufl1-knockout mice develop kidney 
atrophy and interstitial fibrosis [13]. Epithelial-specific deletion 
of Ufl1 in mice disrupts UFMylation of Endothelin-1, which in 
turn elevates ET-1 expression and triggers skin pigmentation [14].

Tooth development relies on reciprocal epithelial-mesenchymal 
interactions, during which the dental epithelium differentiates 
into ameloblasts, the specialized cells that produce and miner-
alize enamel. This amelogenesis process is tightly regulated by 
multiple factors, and variants in genes encoding secreted enamel 
matrix proteins (AMELX, ENAM, AMBN), enamel matrix pro-
teases (MMP20, KLK4), cell–cell and cell-matrix adhesion pro-
teins (LAMA3, LAMB3, COL17A1, ITGB6, AMTN, FAM83H), 
transport proteins (WDR72, SLC24A4), as well as other genes 
such as DLX3 and FAM20A have been linked to non-syndromic 
amelogenesis imperfecta [18], a congenital enamel defect. 
Enamel defects also occur in systemic disorders such as cleido-
cranial dysplasia (CCD), a rare genetic disorder characterized 
by skeletal abnormalities and dental anomalies. CCD is closely 
associated with mutations in the RUNX2 gene [19–21], a key 
transcription factor critical for bone and tooth development. 
Runx2−/− mice exhibit arrested tooth development at the bud 
stage and fail to deposit normal dentin and enamel matrices [22]. 
Epithelial-specific Runx2 ablation via K14-Cre causes severe 
enamel mineralization defects and chalky-white teeth [23, 24]. 
Despite extensive studies on tooth development, the upstream 
regulatory mechanisms governing the expression and activity of 
these key regulatory molecules remain largely elusive.

Although UFMylation is critical for tissue development and ho-
meostasis, its function in tooth development and amelogenesis 
remains unclear. In our previous study, we generated K14-Cre-
mediated epithelial-specific Ufl1 knockout mice for skin research 
[14]. Because K14-Cre also targets dental epithelium, the origin 
of ameloblasts, we also observed abnormal tooth morphology in 
these mice, suggesting a previously unrecognized role for UFL1 
in dental development. Here, we utilized this mouse model to 
define the in vivo function and molecular mechanism of UFL1 
in amelogenesis. We showed that loss of Ufl1 in dental epithe-
lial cells causes severe enamel hypoplasia and progressive tooth 
damage. Mechanistically, we demonstrated that UFL1-mediated 
UFMylation maintains amelogenesis by stabilizing RUNX2 pro-
tein, thereby uncovering a novel post-translational regulatory 
axis essential for mammalian enamel development.

2   |   Material and Methods

2.1   |   Animal Models

Ufl1fx/fx mice have been described previously [14]. K14-Cre mice 
were purchased from The Jackson Laboratory (Bar Harbor, ME, 

USA). The Ufl1-floxed mice were crossed with the K14-Cre mice 
to generate Ufl1fx/+; K14-Cre mice, which were back-crossed 
with Ufl1fx/fx to produce Ufl1fx/fx; K14-Cre (Ufl1K14-Cre). Wild-
type littermates were used as controls. Primer sequences for 
genotyping are shown in Table S1. The PCR bands for WT and 
alleles are 220 bp and 310 bp, respectively. The PCR bands for 
K14-Cre are 450 bp. The mice are on the C57BL/6 background 
and were reared in specific pathogen-free facilities. All of the 
available male Ufl1K14-Cre mice were randomly used for exper-
iments (n > 30). All animal experiments were reviewed and 
approved by the Experimental Animal Ethics Committee of 
Hangzhou Normal University and were executed in strict com-
pliance with the institution's guidelines for the care and use of 
laboratory animals.

2.2   |   Stereomicroscopy, Methyl Red Staining, 
microCT

For stereomicroscopy of incisors, soft tissue was carefully dis-
sected away from control and Ufl1K14-Cre mice using fine-tipped 
forceps under a stereomicroscope, followed by KOH treatment, 
and the intact incisors and alveolar bone were retained for ste-
reomicroscopic observation. For methyl red staining, mandibu-
lar incisors were dissected from P10, P30, and P120 control and 
Ufl1K14-Cre mice, followed by careful removal of the attached bone 
and enamel organs. After removal of cellular debris from the ex-
posed enamel surfaces, the incisors were incubated in methyl red 
working solution (4.5 mL 95% methanol mixed with 10 mg methyl 
red powder) at room temperature for 1–2 min, as previously de-
scribed [25]. The specimens were then rinsed sequentially with 
100% ethanol and double-distilled water, followed by air-drying 
at room temperature prior to observation. For microCT analysis, 
2-month-old mice were euthanized first, and their skulls were 
dissected immediately and fixed in 4% paraformaldehyde, fol-
lowed by processing according to standard protocols.

2.3   |   Histology, Immunohistochemistry, Cell 
Apoptosis Assays

For histological analysis, mouse heads were fixed in 4% para-
formaldehyde at 4°C overnight, followed by dehydration in a 
graded ethanol series, decalcification in 0.5 M EDTA (pH 7.4) 
at 37°C for 5–7 days, and embedding in paraffin wax. After de-
paraffinization and rehydration, 5-μm sections were subjected 
to hematoxylin and eosin (HE) or Masson's trichrome staining 
following standard protocols. All stained histological sections 
were observed and photographed using an upright microscope 
(Nikon ECLIPSE 80i, Nikon Corporation, Japan). For immu-
nofluorescence, 5-μm sections were incubated overnight with 
primary antibodies against UFL1 (Bethyl Laboratories, A303-
456A), Ki67 (Abcam, Ab15580), AMELX (Santa Cruz, sc365284), 
AMBN (biorbyt, orb155652), and RUNX2 (Santa Cruz, 
sc390351) at 4°C according to the manufacturers' instructions. 
Apoptosis was detected using the TUNEL BrightRed Apoptosis 
Detection Kit (Vazyme, Nanjing, China) following the manu-
facturer's instructions. Briefly, 5-μm paraffin-embedded sec-
tions were deparaffinized and rehydrated sequentially, washed 
with PBS, treated with 20 μg/mL proteinase K, and then incu-
bated with the Labeling Mix and Recombinant TdT Enzyme. 
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The sections were counterstained with DAPI, mounted with 
anti-fade mounting medium, and subjected to fluorescence mi-
croscopic observation. Immunofluorescence and TUNEL im-
ages were captured with an upright research microscope (Leica 
DM4 B, Leica Microsystems, Germany).

2.4   |   RNA Sequencing (RNA-Seq)

Enamel epithelium of P10 control and Ufl1K14-Cre mice (n = 3 for 
each genotype) was subjected to RNA-Seq analysis by LC-Bio 
Technologies (Hangzhou, China). Briefly, mRNA was enriched 
from TRIzol-isolated total RNA via the oligo (dT) method. The 
enriched mRNA was fragmented and used for cDNA synthesis. 
After end repair and A-tailing, cDNA fragments were ligated to 
indexed adapters, followed by selection and amplification to gen-
erate the final sequencing library. Subsequently, 2 × 150 bp paired-
end sequencing (PE150) was conducted on the Illumina NovaSeq 
6000 platform. The clean reads were mapped onto the Mus mus-
culus genome (mm10) using HISAT2, and the gene expression 
level in each sample was calculated with StringTie. Genes with 
a mean FPKM (fragments per kilobase of transcript per million 
fragments mapped) value < 1 in both WT and Ufl1K14-Cre mice 
were excluded from subsequent analysis. Differential gene ex-
pression analysis was performed using DESeq2, and genes with 
|log2(FC)| > = 1 and p-value < 0.05 were defined as differentially 
expressed genes (DEGs) (Table S2, S3). The raw sequence data re-
ported in this study have been deposited in the Genome Sequence 
Archive in the National Genomics Data Center, China National 
Center for Bioinformation/Beijing Institute of Genomics, Chinese 
Academy of Sciences, under accession number CRA035736, and 
are publicly accessible at https://​bigd.​big.​ac.​cn/​gsa. Enrichment 
analysis of RNA-Seq data was performed using Enrichr [26, 27]. 
Bar Charts were generated using GraphPad Prism. The ad-
vanced volcano plot and heatmaps were constructed using the 
OmicStudio tools (https://​www.​omics​tudio.​cn/​tool).

2.5   |   Quantitative Reverse Transcription 
Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the enamel epithelium of P10 
control and Ufl1K14-Cre mice using TRIzol reagent (Thermo 
Fisher Scientific, Waltham, MA, USA) and subsequently reverse-
transcribed into cDNA using HiFiScript RT Master Mix (CWBIO, 
Taizhou, Jiangsu, China). QRT-PCR analysis was performed using 
UltraSYBR mixture (CWBIO) on the StepOnePlus Real-Time PCR 
System (Thermo Fisher Scientific). 18S rRNA was used as a refer-
ence gene. The 2-ΔΔCT method was used for the quantification of 
qRT–PCR data. Primer sequences were obtained from PrimerBank 
and are shown in Table S1. Data are represented as the mean ± SD. 
A p-value < 0.05 was considered statistically significant.

2.6   |   UFMylation Inhibition and ER Stress 
Rescue Assay

MC3T3-E1 cells were cultured in α-MEM medium supple-
mented with 10% fetal bovine serum and 1% penicillin–strep-
tomycin (Procell, CM-0378) in a humidified incubator at 37°C 
with 5% CO2. For drug treatment, cells were seeded in 6-well 

plates and incubated overnight to allow adhesion. At 60%–70% 
confluence, cells were divided into three groups: A control group 
treated with vehicle, a treatment group with 50 μM DKM2-93 
(the UFMylation inhibitor; BBI, Shanghai, China), and a co-
treatment group with 50 μM DKM2-93 and 300 μM taurour-
sodeoxycholic acid dihydrate (TUDCA, the ER stress inhibitor; 
BBI, Shanghai, China). After 48 h of incubation, cells were har-
vested and subjected to Western blot analysis to examine the 
expression levels of RUNX2. GAPDH was used as the loading 
control. Anti-RUNX2 (ABclonal, A11753) and anti-GAPDH 
(ABclonal, A19056) antibodies were used for immunoblotting.

2.7   |   Co-Immunoprecipitation Assay and in Vivo 
UFMylation Assay

HEK293T cells were cultured in DMEM containing 10% FBS 
in a humidified incubator at 37°C with 5% CO2. For the co-
immunoprecipitation assay, cells were transfected with the indi-
cated plasmids and harvested at 24 h post-transfection, followed 
by co-immunoprecipitation analysis using Anti-FLAG M2 mag-
netic beads (Sigma-Aldrich, St. Louis, MO, USA) as described pre-
viously [14]. Immunoprecipitates and input HEK293T cell lysates 
were resolved by SDS–PAGE and analyzed by Western blot. In vivo 
UFMylation assays were performed essentially as described pre-
viously [14]. Briefly, cells were harvested 36 h post-transfection, 
lysed by boiling in denaturing buffer to disrupt non-covalent inter-
actions, diluted 20-fold, and incubated with Anti-FLAG M2 beads 
(Sigma-Aldrich). Immunoprecipitates and inputs were resolved 
by SDS-PAGE followed by western blot analysis. The antibodies 
used in this assay included anti-HA (Cell Signaling Technology, 
3597S), anti-FLAG (Cell Signaling Technology, 3177S), anti-MYC 
(Proteintech, 16 286–1-AP), and anti-UFM1 (Selleck, F3636).

2.8   |   Statistics Analysis

The sample size was not predetermined by a statistical method. 
The experiments were not randomized. We cannot randomly allo-
cate animals to experiment groups; rather, we relied on Mendelian 
inheritance to provide a natural randomization of the data. The 
investigators were not blind during experiments and outcome 
assessment. For quantification of diameter, surface length, and 
length of the lower incisors, these parameters were calculated 
from Micro-CT data (n = 3). For quantification of cell proliferation 
and apoptosis, Ki67-positive cells and apoptotic cells in the labial 
cervical loop region were counted, respectively (n = 3). For the 
quantification of Western blotting bands, relative protein expres-
sion levels were determined by normalizing the band intensity to 
that of GAPDH (n = 3). All data were analyzed using GraphPad 
Prism software or Microsoft Excel and presented as mean ± SD. 
Experimental results’ significance was evaluated by the Student's 
t-test. A p-value < 0.05 was considered statistically significant.

3   |   Results

3.1   |   Ufl1 Deletion Results in Amelogenesis 
Imperfecta in Mice

To investigate the consequences of Ufl1 deficiency in tooth 
development, we generated conditional knockout mice of 
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Ufl1 in which Ufl1 was specifically and efficiently ablated in 
epithelium-derived ameloblasts (Figure  S1). We found that all 
male Ufl1K14-Cre mice examined exhibit amelogenesis imper-
fecta in both molars and incisors, whereas female Ufl1K14-Cre 
mice display normal tooth development at 2–3 months old. 
Morphological observation revealed that Ufl1K14-Cre mice dis-
played prominent chalky-white incisors with chipped edges at 
postnatal day 90 (P90) (Figure 1A). These defects were exacer-
bated in 16-month-old mice, characterized by severe tooth wear, 
fracture, and tooth loss (Figures 1A and S2). Notably, these phe-
notypes were already detectable as early as P30 (Fig. S3). Three-
dimensional microCT reconstruction of skulls from 2-month-old 
Ufl1K14-Cre mice further confirmed incisors with chipped edges 
(Figure  1B,C). More importantly, microCT analysis demon-
strated that the dental enamel layer, clearly visible in control 
mice, was completely absent in Ufl1K14-Cre mice (Figure  1C). 

Further quantitative analysis of microCT data revealed that 
the length, diameter, and surface area of the lower incisors in 
Ufl1K14-Cre mice were significantly reduced (Figure 1D–F).

3.2   |   Ufl1 Deficiency Impairs Enamel Deposition 
and Mineralization in Mice

To elucidate the underlying causes of tooth developmental 
abnormalities induced by Ufl1 deficiency, we performed his-
tological staining on mandibular incisors to assess enamel 
development. HE staining showed that enamel was depos-
ited in Ufl1K14-Cre mice during postnatal development, but the 
enamel layer was significantly thinner than that in control mice 
(Figures 2A and S4). Immunofluorescence staining further re-
vealed that the levels of key enamel matrix proteins (AMELX 

FIGURE 1    |    Deletion of Ufl1 in ectoderm-derived dental epithelium causes amelogenesis imperfecta in mice. (A) Frontal view of maxillary 
and mandibular incisors of control and Ufl1K14-Cre mice at P90 and 16 months of age. Control mice showed yellowish mineralized incisor enamel. 
Ufl1K14-Cre mice had chalky-white incisors with chipped edges at P90, and tooth wear, fracture, and loss were observed in 16-month-old mice. (B) 
MicroCT reconstructions of skulls from P60 control and Ufl1K14-Cre mice. Note that Ufl1K14-Cre mice exhibit blunt incisal edges (arrowhead). (C) 
Sagittal and three-dimensional microCT images reveal blunt incisal edges (arrowheads) and the absence of labial enamel in Ufl1-deficient incisors 
(arrows). (D−F) Statistical analyses show that the diameter, surface area, and length of the lower incisors in Ufl1K14-Cre are significantly reduced 
compared with those in control mice (n = 3). Data are presented as mean ± SD. **p < 0.01, ***p < 0.001. Unpaired two-tailed Student's t-test (df = 4): D, 
t = 10.45; E, t = 11.26; F, t = 5.916. C, Control; M, Ufl1K14-Cre. Scale bars: B, 5 mm; C, 1 mm.

 15306860, 2026, 14, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202601306R

 by X
iao-Jing Z

hu - H
angzhou N

orm
al U

niversity , W
iley O

nline L
ibrary on [20/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 11The FASEB Journal, 2026

and AMBN) were markedly reduced in Ufl1-deficient amelo-
blasts at P0 (Fig. S5). These results suggest that enamel depo-
sition is impaired, or alternatively, that enamel matrix proteins 
are prematurely degraded in the mutants. Masson's trichrome 
staining showed that the enamel of control mice was stained 
bright red, whereas no red staining was observed in the enamel 
of Ufl1K14-Cre mice (Figures  2B and S4), indicating a defect in 
enamel mineralization. Given that enamel mineralization de-
pends on a specific pH microenvironment, an essential condition 
for ameloblasts to secrete hydrogen ions and promote enamel 
crystal mineralization [25], we evaluated pH changes in man-
dibular incisors using methyl red staining. The incisor enamel 
surfaces of control mice showed a dark orange-red stain, indic-
ative of a highly acidic (low pH) environment. In contrast, the 
staining of Ufl1K14-Cre mice was pale yellow, reflecting a weakly 
acidic (high pH) environment (Figure 2C), suggesting that Ufl1 

deletion disrupts the acidic microenvironment required for 
normal enamel mineralization.

3.3   |   Loss of Ufl1 Leads to Abnormal Labial 
Cervical Loop Development in Mice

Given that the labial cervical loop (laCL) of incisors harbors 
stem cells that differentiate into ameloblasts, key cells respon-
sible for enamel biosynthesis, we next investigated whether 
Ufl1 deficiency perturbs labial cervical loop development. HE 
staining revealed a smaller and flattened laCL structure of 
Ufl1K14-Cre mandibular incisors compared with control mice 
(Figure 3A). Ki67 staining and TUNEL assay further demon-
strated that Ufl1 deletion resulted in a significant increase 
in cell proliferation and dramatically elevated apoptotic cell 

FIGURE 2    |    Loss of epithelial Ufl1 disrupts enamel matrix deposition and mineralization during tooth development. (A) HE staining of sagittal 
sections of incisors from control and Ufl1K14-Cre mice at P10 and P90. Note the thinned enamel matrix in Ufl1K14-Cre teeth (arrows). (B) Masson's tri-
chrome staining of sagittal sections of incisors from control and Ufl1K14-Cre mice at P10 and P90. Note the absence of mineralized enamel in Ufl1K14-Cre 
teeth (arrows). (C) Methyl red staining showed that ameloblast regions exhibit deep red staining in control mice at P10, P30, and P120. In contrast, 
the staining was much fainter in Ufl1K14-Cre mice (arrowheads). Scale bars: A, B, 100 μm; C, 1 mm.
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numbers in the laCL (Figure 3B–D). In sum, these results sug-
gest that Ufl1 is essential for the normal development of the 
laCL, and that dysregulation of cell proliferation and apopto-
sis within this structure may disrupt the proper differentiation 
of laCL-derived stem cells into functional ameloblasts, thus 
contributing to the enamel deposition and mineralization de-
fects observed in Ufl1K14-Cre mice.

3.4   |   Ufl1-Deficiency Causes Aberrant Gene 
Expression in Developing Ameloblasts

To further investigate the molecular mechanisms underlying 
UFL1-mediated amelogenesis, we performed RNA-Seq to pro-
file gene expression in incisor ameloblasts from control and 
Ufl1K14-Cre mice at P10. A total of 234 upregulated and 266 
downregulated DEGs were identified in Ufl1K14-Cre ameloblasts 
(Figure  4A). Next, we performed enrichment analysis using 
Enrichr [27].

Analysis against the Jensen_DISEASES_Curated gene sets re-
vealed that downregulated DEGs were highly associated with 
amelogenesis imperfecta, dental enamel hypoplasia, and tooth 
hard tissue diseases (Figure 4B). GO_Molecular_function anal-
ysis showed that downregulated DEGs were most significantly 
enriched in gap junction channel activity and metal ion trans-
membrane transporter activity (Figure 4B), indicating that Ufl1 

deficiency disrupts intercellular communication via gap junc-
tions and metal ion transmembrane transport. Notably, a panel 
of well-validated enamel deposition- and mineralization-related 
genes was significantly downregulated in Ufl1-deficient amelo-
blasts (Figure  4D), including several transcriptional targets of 
RUNX2, the master transcription factor orchestrating amelo-
genesis [24, 28–31]. This finding, together with the phenotypic 
similarity between our epithelial-specific Ufl1 knockout mice 
and reported dental epithelial-specific Runx2 knockout models 
[24], suggests that UFL1 regulates amelogenesis by modulating 
RUNX2 activity.

For upregulated DEGs, Chromatin immunoprecipitation en-
richment analysis (ChEA) showed that upregulated DEGs 
were significantly enriched among target genes of the tran-
scription factor TP53 (Figure 4C), a well-characterized tumor 
suppressor that plays a pivotal role in ER stress. Furthermore, 
enrichment analysis against WikiPathways demonstrated 
that upregulated DEGs were predominantly enriched in the 
unfolded protein response (Figure 4C). Consistent with these 
findings, genes involved in the response to ER stress, includ-
ing Bbc3, Bhlha15, Derl3, Ddit3, Hspa5, Hsp90b1, Hyou1, Manf, 
Pmaip1, Syvn1, Tmtc3, and Tnfrsf10b, were significantly up-
regulated (Figure 4E). Finally, we validated a subset of DEGs 
via quantitative reverse transcription-PCR (qRT-PCR), and the 
results were consistent with the RNA-Seq data (Figure  4F). 
Taken together, our data demonstrate that Ufl1 is essential for 

FIGURE 3    |    Ufl1 deficiency impairs labial cervical loop development in mice. (A) HE staining of sagittal sections of lower incisors from control 
and Ufl1K14-Cre mice at P0. The labial cervical loops of Ufl1K14-Cre exhibit a flattened morphology (arrow). (B) Immunofluorescence staining demon-
strates a marked increase in Ki67-positive cell numbers and a significant elevation in apoptotic cell levels in the labial cervical loops of Ufl1K14-Cre 
mice. (C) Statistical analysis reveals a significant increase in the number of Ki67-positive cells in the labial cervical loops of Ufl1K14-Cre incisors 
compared with controls (n = 3). (D) Statistical analysis shows a dramatic increase in apoptotic cell numbers in the labial cervical loops of Ufl1K14-Cre 
incisors relative to controls (n = 3). Data are presented as mean ± SD. **p < 0.01. Unpaired two-tailed Student's t-test (df = 4): C, t = 5.327; D, t = 5.971. 
C, Control; M, Ufl1K14-Cre. Scale bars: 100 μm.
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FIGURE 4    |     Legend on next page.
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amelogenesis by regulating enamel matrix formation, miner-
alization, intercellular communication, and ER homeostasis 
in ameloblasts.

3.5   |   Ufl1 Deficiency Leads to the Degradation 
of RUNX2

Based on these findings, we hypothesized that RUNX2 is a 
direct downstream substrate of UFL1-mediated UFMylation 
during amelogenesis. To test this hypothesis, we first ex-
amined RUNX2 expression in Ufl1-deficient ameloblasts. 
Immunofluorescent staining results showed that RUNX2 pro-
tein level was significantly reduced in Ufl1K14-Cre ameloblasts 
at P0 and P10 (Figure 5A); however, its mRNA level was un-
changed (Figure  5B). This dissociation between protein and 
mRNA expression indicated that UFL1 regulates RUNX2 at 
the post-translational level, consistent with the known func-
tion of UFMylation in controlling substrate protein stability. 
We next sought to validate whether RUNX2 is a direct sub-
strate of the UFMylation pathway. Co-immunoprecipitation 
assays demonstrated that RUNX2 interacts with the key 
UFMylation proteins UFL1 and DDRGK1 (Figure  5C). To 
directly confirm covalent UFM1 conjugation to RUNX2, we 
performed in  vivo UFMylation assays in HEK293T cells co-
expressing RUNX2 and all core UFMylation cascade compo-
nents UBA5, UFC1, UFL1, UFM1, and DDRGK1. The results 
showed that RUNX2 was modified by the active UFM1ΔC2 
variant, which carries an exposed C-terminal glycine 83 resi-
due. In contrast, the catalytically inactive UFM1ΔC3 mutant, 
which lacks this critical glycine residue, failed to mediate 
UFM1 conjugation to RUNX2 (Figure 5D).

To further confirm the causal link between UFMylation and 
RUNX2 stability, we treated MC3T3-E1 cells with DKM2-93, a 
selective pharmacological inhibitor of UFMylation. Inhibition 
of UFMylation significantly reduced endogenous RUNX2 
protein levels in MC3T3-E1 cells (Figure 5E). Given that our 
RNA-Seq data revealed a robust ER stress response in Ufl1-
deficient ameloblasts, we next tested whether RUNX2 down-
regulation arises as a secondary consequence of ER stress 
induced by UFMylation inhibition. To this end, we performed 
a rescue assay with TUDCA, a well-characterized ER stress 
inhibitor. We found that TUDCA failed to restore RUNX2 pro-
tein levels in DKM2-93-treated cells (Figure 5E). Collectively, 
these findings demonstrate that RUNX2 is a novel substrate of 
UFL1-mediated UFMylation, and that UFMylation is essential 
for maintaining RUNX2 protein stability, thereby governing 
the transcriptional program of enamel matrix mineralization 
during amelogenesis.

4   |   Discussion

Amelogenesis imperfecta is a group of inherited dental disorders 
characterized by defective enamel formation, severely impact-
ing oral health due to enamel hypoplasia, hypomineralization, 
and increased tooth fragility. In this study, we explored the role 
of UFL1, the sole E3 ligase in the UFMylation pathway, in mam-
malian amelogenesis. Our findings reveal that epithelial-specific 
Ufl1 deletion induces amelogenesis imperfecta-like phenotypes in 
mice, demonstrating UFL1 as a critical regulator of mammalian 
amelogenesis. Furthermore, we identify RUNX2 as a novel sub-
strate of UFL1-mediated UFMylation, and show that UFMylation 
regulates amelogenesis by modulating RUNX2 protein stability.

RUNX2 is a critical transcription factor orchestrating bone 
and tooth development, and its expression is tightly regulated 
at multiple levels. Transcriptionally, the Runx2 P1 promoter 
is specifically bound and activated by DLX5, while MSX2 re-
presses its expression by binding to the same regulatory region 
[32]. Post-transcriptionally, RUNX2 protein levels can be influ-
enced by m6A modification of its mRNA and microRNA [33]. 
At the post-translational level, multiple modifications, including 
phosphorylation, acetylation, SUMOylation, and glycosylation, 
precisely modulate RUNX2 protein activity and stability [34]. 
Here, we identify UFL1-mediated UFMylation as a novel post-
translational layer regulating RUNX2 in amelogenesis, expand-
ing this complex regulatory network. Notably, our study identifies 
a sex-specific role for UFL1-mediated UFMylation in enamel de-
velopment, with Ufl1 deletion leading to reduced enamel only 
in male mice. Previous studies have revealed the mutual trans-
activational repression between the androgen receptor (AR) and 
RUNX2: AR, activated by androgens, inhibits the transcriptional 
activity of RUNX2 [35, 36]. Importantly, a prior study in rats has 
documented high AR expression in maturation-stage ameloblasts 
[37]. In mice, the AR protein is readily detected in maturation-
stage ameloblasts and exhibits clear nuclear localization [38]. At 
the transcript level, mouse AR expression is independently val-
idated by both our ameloblast RNA-seq data presented in this 
manuscript and the public NCBI GEO dataset (GSE57224). Thus, 
we propose that loss of UFL1 exacerbates AR-dependent repres-
sion of RUNX2, impairing ameloblast function and enamel for-
mation in males. Our findings thus suggest UFL1-UFMylation 
as a new regulatory mechanism in AR-RUNX2 crosstalk, which 
specifically protects enamel development in males by maintain-
ing RUNX2 activity under active androgen signaling.

In addition to defective enamel mineralization, our study identi-
fied other pathological changes in Ufl1-deficient mice that may 
also contribute to the observed enamel defects. Specifically, we 
found that LaCL, a specialized niche containing dental epithelial 

FIGURE 4    |    Dysregulated gene expression in ameloblasts of Ufl1-deficient incisors at P10. (A) Volcano plots of RNA-Seq data showing differen-
tial gene expression profiles in Ufl1-deficient ameloblasts. Annotated dots indicate representative DEGs. (B, C) Functional enrichment analyses of 
downregulated and upregulated DEGs, respectively. (D) Heatmap of representative upregulated DEGs related to tooth mineralization. (E) Heatmap 
of representative downregulated DEGs related to the response to ER stress. (F) Validation of RNA-Seq data by qRT-PCR for representative DEGs. 
Data are presented as mean ± SD. ***p < 0.001. Unpaired two-tailed Student's t-test (df = 4): Ambn t = 38.40; Amelx t = 11.26; Odam t = 10.44; Car6 
t = 27.78; Slc24a4 t = 23.15; Klk4 t = 17.18.
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FIGURE 5    |    UFL1 interacts with RUNX2 and modulates its protein expression during tooth development. (A) Immunofluorescence staining 
showing a marked decrease in RUNX2 expression (arrows) in ameloblasts of Ufl1 K14-Cre mice at P0 and P10. (B) Runx2 mRNA levels were not 
significantly altered in ameloblasts of Ufl1-deficient mice at P10. (C) Co-immunoprecipitation assays followed by Western blot analysis demon-
strated interactions between UFL1, DDRGK1, and RUNX2 in HEK293T cells. Cells were transfected with the indicated vectors and harvested for 
Co-immunoprecipitation analysis at 36 h post-transfection. (D) UFMylation of RUNX2 was analyzed by western blot with anti-UFM1 antibody 
in HEK293T cells expressing the UFMylation system components. (E) Western blot detection of RUNX2 in MC3T3-E1 cells. Cells were treated 
with vehicle (control), 50 μM DKM2-93, or 50 μM DKM2-93 plus 300 μM TUDCA for 48 h. GAPDH was used as a loading control. The expression 
of RUNX2 protein level was determined by normalizing its gray value to that of GAPDH. Data are presented as mean ± SD. *p < 0.05, **p < 0.01. 
B, Unpaired two-tailed Student's t-test, df = 4, t = 0.697; 4; E, Paired two-tailed Student's t-test (df = 2), control vs. DKM2-93, t = 10.95; control vs. 
DKM2-93 + TUDCA, t = 8.853; DKM2-93 vs. DKM2-93 + TUDCA, t = 0.547. Scale bars: 50 μm.

 15306860, 2026, 14, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202601306R

 by X
iao-Jing Z

hu - H
angzhou N

orm
al U

niversity , W
iley O

nline L
ibrary on [20/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 11 The FASEB Journal, 2026

stem cells (DESC) essential for sustaining ameloblast generation 
and differentiation, exhibited abnormal development in Ufl1K14-Cre 
mice. SOX2 maintains DESC pluripotency in the LaCL to support 
continuous incisor growth and guide ameloblast lineage commit-
ment [39]. Alongside the abnormal LaCL development, our un-
published data show reduced SOX2 expression in Ufl1-deficient 
incisors. Given the critical role of SOX2, its downregulation is 
likely to impair long-term ameloblast renewal and differentiation 
ability, further contributing to the enamel defects in Ufl1-deficient 
mice. However, our co-immunoprecipitation assays failed to de-
tect a direct interaction between SOX2 and UFL1, thus excluding 
SOX2 as a direct UFMylation substrate. Intriguingly, the enamel 
phenotypes in Ufl1K14-Cre mice are more severe than those re-
ported in ameloblast-specific Runx2 conditional knockout mod-
els. This phenotypic difference, together with the LaCL defects, 
suggests that Ufl1 regulates amelogenesis through broader mech-
anisms beyond just directly stabilizing RUNX2.

In sum, our study uncovers a novel role of UFL1-mediated 
UFMylation in enamel development, advances our understand-
ing of the post-translational control of key transcription factors 
in amelogenesis, and offers a novel animal model for amelogen-
esis imperfecta. However, we have not yet identified the specific 
molecular mechanism by which UFMylation regulates RUNX2, 
including its precise UFMylation sites, and these will be investi-
gated in future studies.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Characterization of 
Ufl1K14-Cre conditional knockout mice. (A) Genotyping of Ufl1fx/fx and 
control mice by PCR. The PCR bands for WT and Ufl1fx/fx alleles are 
220 bp and 310 bp, respectively. Mice homozygous for the floxed Ufl1 al-
lele and positive for the K14-Cre transgene are designated as Ufl1K14-Cre. 
(B) qRT-PCR analysis of relative Ufl1 gene expression in ameloblasts 
from Ufl1 K14-Cre and WT control mice at P10.18S was used as an internal 
control. Data are presented as mean ± SD (n = 3). Unpaired two-tailed 
Student's t-test: df = 4, t = 27.72, **p < 0.001. (C) Immunofluorescence 
staining of UFL1 in the dental enamel epithelium of Ufl1K14-Cre and 
control mice at P0. Arrows indicate decreased UFL1 expression in 
Ufl1K14-Cre mice compared with controls. Scale bar, 100 μm. Figure S2: 
Ufl1K14-Cre mice exhibit severe dental damage in old age. (A−D) Incisors 
from control mice maintained intact morphology with sharp incisal 
edges. In contrast, Ufl1-deficient mice displayed blunt incisal edges (ar-
rows), accompanied by marked and severe incisor wear (arrowheads) 
at 16 months of age. Scale bars: 500 μm. Figure S3: Apparent tooth 
wear and enamel chalkiness in Ufl1-deficient mice as early as P30. (A) 
Frontal views of maxillary and mandibular incisors from control and 
Ufl1K14-Cre incisors at P30. The Ufl1K14-Cre mice exhibited incisors with 
a distinct chalky appearance compared with control mice. (B) Lateral 
views of the mandibular incisors of control and Ufl1K14-Cre mice at P30. 
Incisal edges of control mice were sharp, whereas those of Ufl1-deficient 
mice were blunt (arrowheads). Scale bars: 1 mm. Figure S4: Loss of ep-
ithelial Ufl1 disrupts enamel matrix deposition and mineralization at 
P0. (A, B) HE staining of sagittal sections of incisors from control and 
Ufl1K14-Cre mice at P0. Note the thinned enamel matrix in Ufl1K14-Cre 
teeth (arrows). (C, D) Masson's trichrome staining of sagittal sections 
of incisors from control and Ufl1K14-Cre mice at P0. Note the absence 
of mineralized enamel in Ufl1K14-Cre teeth (arrows). Scale bars: 100 μm. 
Figure S5: Immunofluorescence analysis reveals markedly decreased 
AMELX (A, B) and AMBN (C, D) protein levels in Ufl1-deficient ame-
loblasts relative to controls at P0 (arrows). Scale bars: 50 μm. Table S1: 
Nucleotide sequences of primers used in genotyping (#) and quantitative 
real-time PCR. Table  S2: Up-regulated differentially expressed tran-
scripts in control and Ufl1K14-Cre ameloblasts at P10. Table S3: Down- 
regulated differentially expressed transcripts in control and Ufl1K14-Cre 
ameloblasts at P10. 
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