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Abstract

-dimensional epithelial meshwork extending from the 

models, suggest that ERMs may be involved i

, and the JE 

in vivo hyper-

- -

was used to interrogate ERMs for changes in expression of Piezo1, integrin

between 

- and hyper-loading. Axin2CreERT2;R26RmTmG/+ mice were used to lineage-trace Wnt-

- and hyper-loading, and Wnt signaling from ERMs and the JE 

was disrupted using K14CreERT2;Wls  mice.  

analyses predicted that hyper-loading produced 

correlated with sites of ERM enlargement. ERMs expressed 

mechanosensory proteins, whose levels were -loading. Load-

were Wnt-responsive and if Wnt blocked then ERMs no longer expressed mechanosensory 

proteins and no longer enlarged in response to hyper-loading. A 

PDL 

-

dependent mechanism, -level responses to mechanical loading in the PDL, supracrestal 
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M p

 

 remodels in response to physical forces (Hine 1962)

forces are transferred to the   and basic mechanics dictate that this 



that take the form of stresses and strains. 

When stresses and strains are excessive, they cause damage (Shoham and Gefen 2012)

are is atrophy (Pena et al. 2007). Between these extremes, stresses and strains 

 of bone, the periodontal ligament (PDL), and the JE).  

The dynamic nature of these mechano ve responses maintaining overall health of 

the but how cellular responses are coordinated between the  

remains an enigma. The JE are all bound to the tooth and thus 

  but their 

 make it challenging to envision how their cellular responses are synchronized.  

- ly switch 

method, if it existed, would provide 

(Eckert et 

al. 2025) supracrestal 

 or PDL, but we hypothesized that the Epithelial Rests of Malassez (ERM) network could 

serve such a role.  

Since their discovery by Serres (in 1817) and Malassez (Malassez 1885), there has been a deep interest in 

-dimensional, fenestrated, mesh-like structure (Spouge 1984). This network, along with 

(Grant and Bernick 1969), struck us as 

mechanical input. The following , , and  experiments were undertaken to test this 

hypothesis. 

Methods and materials 

. Please see Appendix for animal husbandry and 

care, hyper- and hypo-loading models, , handling, and histological analyses of murine and 



single cell RNA-

(FE) modeling.  

Results

by hyper-
FE modeling was the PDL, the supracrestal region, and 

JE and hyper-loading . 

The FE model was derived from µCT data

. U , 

the PDL experienced a - 0.45% Fig. 1A). Under hyper-loading 

 the  in the PDL doubled, to - 0.45% Fig. 1B,C).  

-

- hat experienced 

by the hyper-loaded PDL (Fig. 1F). When examined in detail, the highest strain centered on the supracrestal 

 

ERMS

tooth, their responses to hyper-

responses. . ERMs were 

observed in the PDL space (Fig. 1G,H

than those along the root (green bars, Fig. 1J).  

Hyper- expa

compared to the PDL space (Fig. 1). T strain, 

an  hyper-loading model was employed (see Methods and ). 

teeth subjected to hyper-loading for 3, 7, 14, and 28 days was compared against baseline data from 

 ing (Fig. 1J).  



Within 1 day of hyper-loading, more ERMs were detected (yellow arrows, Fig. 1K ). The total 

number of ERMs increased between days 1 and 3, and again between days 3 and 7 of hyper-loading (Fig. 

-loading the number of ERMs 

more than observed around normal loading controls (Fig. 1L). 

Changes in ERM size were also observed. Under hyper- supracrestal ERMs were larger 

than root ERMs (compare Fig. 1M,N) and over -loading 

more pronounced (Fig. 1O). Thus, -dependent responsiveness to 

hyper-loading.   

Hyper-
Factors other than mechanical force could . For example, hyper-loading 

(Leone et al. 2026)

hyper-loading group was No apparent 

-loaded and control groups in terms of neutrophil and macrophage number and 

 in either the PDL space, or the JE were observed (Appendix Fig. 1). 

-
Hyper-loading correlated with an increase in the number and size of ERMs -

 -loading (see Methods and (Zhang et al. 2019)), ERMs 

along the root surface (Fig. 1P,Q) and ERMs in the supracrestal region (Fig. 1P,

compared to both controls and the hyper-loaded group (Fig. 1S). These data further supported the 

conclusion that the ERM network was responsive to changes in forces.

Do ERMs possess the molecular machinery to detect a physical force and convert it into a biochemical 

signal -

-

integrin (Fig. 2C,D), 

in the JE.  

-

ERMs (Fig. 2J,K). 



 and all expressed in ERMs under both normal and hyper-loading 

ERMs induced by hyper-loading.  

-FAK) expression in 

ERMs under normal and hyper- -

- hospho- ,

ERMs were involved in transducing mechanical signals into biochemical signals.   

-
Thus far, our data demonstrated that ERMs possess the molecular machinery to sense and respond to 

mechanical forces

. T

with ERMs (Fig. 3C). III tubulin+ neurons encircled ERMs (red arrow, Fig. 3D). Expression of matrix 

metalloproteinase 13 (MMP13) in ERMs suggested their local extracellular matrix was prone to remodeling.  

Similar s were noted between murine ERMs and picrosirius red-stained c  (Fig. 3F), 

and purple-

III tubulin+ neurons were in close proximity to murine ERMs (red arrow, Fig. 3I). Murine ERMs were also 

. 

Hyper-loading micro-ruptures (Fig. 3K, Appendix 

Fig. 2 collagen content analyses indicated that -loading was detrimental 

(Fig. 3L). F - , Appendix Fig. 

2). Load-

MMP13 in and around murine ERMs (Fig. 3N,O).  

To coordinate in the PDL and JE we speculated 

that load- d signaling molecules that could locally cellular behavior. The 

following lines of evidence implicated -catenin signaling in this process.   

 line of evidence came from lineage-tracing the fates of Wnt-responsive cells in ERMs. Tamoxifen 

was delivered to the Wnt lineage tracer strain Axin2CreERT2;R26RmTmG/+. Three days later, small, 

ERMs, some of which co-stained with GFP, were detected (Fig. 4A- ). 



in the PDL (Appendix Fig. 3), ng -responsive ERMs were 

  

The second line of evidence came from fate-mapping Wnt responsive cells -

loading. Tamoxifen was delivered to Axin2CreERT2;R26RmTmG/+ mice and immediately  hyper-loading 

. , ERMs (arrows, Fig. 4B ) and

the number of Wnt-responsive cells increased (Fig. 4 ), which corresponded with an increase in PCNA+ 

cells in the PDL (Appendix Fig. 3). The majority of Wnt-responsive cells were 

cementum, and some co-localized with the B- ).  

-loading the number and size of ERMs  increase (arrows, Fig. 

4C- ) load- ir Wnt-responsive status (Fig. 4C- ). GFP+ 

Wnt-responsive cells remained associated with the enlarged throughout longer periods of 

hyper-loading (Fig. 4D- ). Together, these data strongly suggested that Wnt signaling was involved in ERM 

responses to hyper-loading.  

To directly test whether Wnt signals emanated from ERMs, a K14Cre driver was crossed with a 

strain. GFP immunostaining in K14CreERT2;R26RmTmG/+ 

(Appendix Fig. 4) and the JE, then K14CreERT2;Wls mice were generated. The chaperone protein Wntless 

(Wls) (Banziger et al. 2006), and immunostaining for nuclear -catenin 

K14CreERT2;Wls mice (compare Fig. 4E,F). 

-catenin was involved in ERM signaling came from molecular analyses. 

- -L) were lost in Wls 

mutant ERMs. integrin expression was absent in Wls mutant ERMs, and in Wls mutant JEs (compare Fig. 

-catenin signaling was 

 

-catenin signaling in ERM 

-loading. Normally, 

supracrestal ERMs enlarge in response to hyper- Wls mutants these supracrestal ERMs did not 

-

charac Wls 

fragmented and truncated (Fig. 4W).  



Discussion

F s- osensor ?
ERMs emerge during tooth development and endure for 

(Reitan 1961). 

(Abud 2004) his persistence of an ERM network argues against them being simply 

 (Cohen 1976). We started this study by asking, why does this ERM network persist? 

And what are the circumstances that provoke ERM  

Our hypothesis was transducing network, which is supported by four lines 

of evidence. First, ERMs are embedded in a mechanoresponsive extracellular matrix (ECM). ERMs in 

s are , and because the JE and 

supracrestal ERMs 

experience stresses and strains created by  (Fig. 1)

rface, the PDL and root ERMs experience stresses 

 (Fig. 1). Thus, the ERM network appears to be ideally 

loading of   

Hyper- -

ains are twice as high as in the PDL (Fig. 1). These experiments 

 

Hyper-loading , especially in the 

supracrestal region, has been observed gingivectomy procedure 

, (Gilhuus- , 

-  (Manisagian et al. 2018), and in a variety of 

periodontal disease . A shared feature of all these 

they disrupt the 

mechanosensory network aligns with .  

with well-



 (Fig. 2). ERM- xpression of mechano- -responsive 

proteins  in response to hyper-loading (Fig. 2). The fact that hyper-loading led to 

increased expression of the mechanosensory proteins further suggests that ERMs adjust this molecular 

machinery to adapt to a changing mechanical environment, perhaps via . Other 

-catenin signaling (He et 

al. 2024).  

-
Several studies is directly regulated by mechanical cues 

and our 

of -catenin 

signaling in ERMs. fate-mapping experiments demonstrated that load-induced 

ERMs, are Wnt-responsive (Fig. 4).  

 

the Wls from K14-expressing cells. This strategy resulted in loss of expression in 

ERMs (Fig. 4). ERMs typically expand in response to hyper-loading (Fig. 1) but Wnt-

ERMs failed  (Fig. 4). In the 

Wls mutant, , short, and sparse achment (Fig. 4). Together 

these data support our conclusion that the ERM network Wnt-dependent mechanosensor.   

, and one 

from two species 

It was s from which ERMs were collected had 

r not whereas a mouse model  control over variables such as 

(Simpson 

1965) 

 

homogeneous.  

Despite the

First, in both species, ERMs share a developmental origin e.g., the ERS. This shared origin suggests a 

s. Second, the signaling pathways 

controlling tooth development and periodontal homeostasis e.g., Wnt, Notch, Shh, BMP are highly 



conserved across mammals  is reasonable to presume that the mechanisms controlling 

 are  

model

Conclusions

possess  

and alter their size and number in response to hyper-loading. ERMs use a Wnt-dependent mechanism to 

-level responses to physical forces Together these data support 

ow 
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Figure legends 

respond

(A) Finite Element (FE) modeling of the PDL space, under 

normal- and (B) hyper-loading. (C) - 

and hyper-

- and (E -loading. ( , ) The highest 

-loading. (G) Pentachrome histology of 

image, 

size  

.  (K) Pentachrome histology of a tooth under hyper-

ERMs in the root and supracrestal regions (yellow arrows). (L) 

-loading. (M) image, s) and (N) 

supracrestal ERMs (arrows hyper-loading. (O size 

-  (P) Pentachrome 



histology of a tooth under hypo-

-load

regimen.  . 

our asterisks indicate a p 

 

-

ERMs (green) was compared to its expression in the JE (blue). (C) INTEGRIN immunostaining in a 

- med expression in ERMs (green) and JE (blue). (E) 

- (G) Human ERMs express 

- .  Murine ERMs (arrows) express Piezo1 under (I) normal loading 

and (J) hyper- Piezo1. Murine ERMs (arrows) also express (L,M) 

R,S -loading 

- -localizes with phospho-FAK, 

ons of mechano-

 

-
R transmission electron microscop

encircling ERMs. (C) Human ERMs stained with Oxytalan staining

Immunostaining for (D) III tubulin+ neuron and (E) MMP13. 

s from s (F) stained with picrosirius red and visualized under polarized 

light (G,H) 

 (I) Immunostaining for (I) III tubulin+ neuron and (J) MMP13. 

Under hyper-loading -stained appear fragmented. (L) Collagen 

density around -loading. Under hyper-

oxytalan-

increased under hyper-

Malassez.  

as indicated in Fig. 1.  



4
-

Axin2CreERT2;R26RmTmG/+ mice received tamoxifen and 3 days later immunostaining for (A) 

- Axin2CreERT2;R26RmTmG/+ mice

-

-responsive ERMs. Under hyper-

days. omparison of -catenin immunostaining in ERMs of (E) control 

and (F) Wls mutant mice. Expression of Piezo1 in in ERMs of (G) control and (H) Wls 

Wls Expression of 

integrin ERMs of (M) control and (N) Wls 

Wls ERMs size in (S) control and (T) Wls

- Wls mutant mice. 

Ab Asterisks as indicated in 

Fig. 1. 
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