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Abstract 

 

Aging is the conjunction of progressive physiological changes that occur in living organisms 

over time. A fundamental component of organs and tissues that undergoes functional and 

structural modifications with age is the extracellular matrix (ECM). The ECM is a dynamic 

assembly of proteins that regulates cellular functions and participates in tissue organization and 

remodeling. The ECM of teeth is no different but lacks turnover capability. Dentin, the bulk of 

the tooth, endures modifications throughout a lifespan. As of now, the composition of the 

dentin ECM and how it changes with age is unknown. To address, we used proteomics to 

profile the dentin ECM of young and older adult human teeth. We report the identification of 

341 unique ECM proteins and define the matrisome of young and old dentin as composed of 

125 and 112 proteins, respectively. Our study identified over 100 ECM proteins that have not 

previously been associated with the dentin. Importantly, it also reveals changes to both protein 

solubility and matrisome composition as a function of age. Our study is a first step towards the 

discovery of biomarkers of the aging tooth and the development of strategies to maintain or 

regenerate a healthy dentition in our aging population.  
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Introduction  

 

The world population is aging at a high rate. Studies predict that, by 2050, the number 

of adults over the age of 65 will increase by 16%, and the number of 80-year-olds and older 

individuals is estimated to triple1. These cohorts will then sustain their natural dentition2 and 

experience higher prevalence of oral health conditions, as caries and periodontal disease3,4. 

Despite considerable research in recent decades, the aging process of human teeth remain 

largely unknown.  

Mineralized tissues, like bone and teeth, are well-organized hierarchical structures 

consisting of an ECM that provides structural functionality for the deposition of an inorganic 

phase made of hydroxyapatite crystals5–7. The ECM of bones has modeling and remolding 

abilities, and experience continuous turnover, via resorption and formation of new tissue 

orchestrated by osteoclasts and osteocytes8; however, unlike bone, teeth lack such turnover9, 

as the mineralized tissues are acellular. Odontoblast cells are confined into the pulp chamber 

and deposit continuously dentin layers over time10. The dentin is the major component of teeth 

and forms a three-dimensional gradual organization of tubules that extends from the pulp 

chamber to form a dentin-pulp complex (Fig. 1A). The dentin is composed of a collagenous 

and a non-collagenous ECM reinforced by a carbonated nanocrystalline apatite mineral phase9–

12.  

Collagen type I is the primary structural protein found in dentin. Alongside collagens 

type II-VI, XI and XII, they provide scaffolding, ECM organization, and mechanical 

properties13–15. Phosphoproteins from the SIBLING (Small Integrin-Binding Ligand, N-linked 

Glycoprotein) family, such as dentin phosphoprotein (DPP), dentin sialoprotein (DSP), dentin 

sialophosphoprotein (DSPP), dentin matrix protein-1 (DMP1) and osteopontin (OPN), have 

important regulatory roles in tissue mineralization16–20. Glycoproteins, including matrix Gla-

proteins (MGP), SPARC, and growth factors (transforming growth factors beta family) 

regulate signal transduction, cell proliferation, regulation and potentially contribute to dentin 

repair16. Decorin (DCN), biglycan (BGN), lumican (LUM), fibromodulin (FMOD) and 

osteomodulin (OMD) small leucine-rich proteoglycans (SLRPs)14,15,21,22 serve regulatory and 

structural roles including tissue hydration, mineralization processes, space-filling and 

mechanical support23–25. Once the tooth is in function, the dentin ECM components maintain 

the structural integrity and mechanical features of the tooth, while also slowing the progression 

of dental caries10,26. Of note, until now, investigations on the content and assembly of the dentin 

ECM have in large utilized young human teeth.  
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Dentin undergoes physiological and pathological modifications10. With aging, dentin 

exhibits higher mineral content27,28, a gradual reduction of dentin tubule diameter and dental 

pulp size29, and decreased mechanical properties30–32. However, there is a significant gap of 

knowledge of the composition, abundance, and state of function of the dentin ECM over the 

lifespan of an individual. Thus, having a cartography of the dentin ECM during aging, would 

be a first step towards the discovery of biomarkers of the aging tooth and the development of 

strategies preventing or slowing down the pathological processes associated with the aging 

human dentition.   

Proteomic approaches have previously been used to study human teeth and have used  

chaotropic agents such as guanidine hydrochloride33, or detergent-containing solutions like 

RIPA14 to identify ECM components of the tooth. Sequential extraction using guanidine 

hydrochloride and EDTA further increased the number of proteins identified in the dentin by 

extracting proteins of different solubilities15. But, while these studies identified a various 

number of proteins present in human dentin, they were not designed to investigate specifically 

ECM proteins. In addition, the absence of using a unified annotation of ECM components 

prevented a comprehensive definition of the dentin ECM proteins and comparisons across 

different cohorts.  

The large size and high insolubility of ECM proteins have made their biochemical 

analysis notoriously difficult. However, over the past decade, we and others have developed 

experimental proteomic pipelines to enrich, solubilize, and digest ECM proteins34–36. We have 

also used bioinformatics to define the "matrisome", the collection of genes encoding ECM and 

ECM-associated proteins, and have shown that the matrisome list can be used to 

comprehensively annotate high-throughput data for ECM components37. With these tools in 

place, proteomics has now become a method of choice to study the changes in the ECM 

associated with diseases such as cancers38, or during aging39,40. Here, we employed ECM 

proteomics to identify age-related changes in the composition and solubility of ECM proteins 

from the root dentin of young and older adult individuals to aid in building the tooth matrisome.  
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Material and methods  

 

Sample selection and preparation 

Three sound molars were selected from two age brackets, young (18-25 years old) and older 

(75-85 years old) men, according to protocol 2018-0346 approved by the Institutional Review 

Board Committee of the University of Illinois at Chicago (Supplementary Table S1A). Teeth 

were immediately stored at -20ºC after extraction. The cervical part of the root (Fig. 1A) was 

obtained by sectioning the tooth with an IsoMet™ high precision cutting machine (Buehler 

Ltd, Lake Bluff, IL, USA). All soft tissues, periodontal ligament, cementum and pulp tissue 

were carefully removed with curettes and endodontic files.  

 

Dentin protein extraction 

The extraction of dentin proteins followed an existing protocol14,33, with modifications (Fig. 

1B). In brief, the cervical dentin root sections were pulverized (250-350 mg per tooth/sample) 

and the powder demineralized with a 0.5M EDTA solution at pH 8.0 containing protease 

inhibitors (Pierce Protease Inhibitor Tablets, EDTA-free, Thermo Fisher Scientific, Rockford, 

IL, USA), for 12 days under agitation at 4°C. The EDTA solution was changed every 3 days. 

Further protein extraction was performed with a 4M guanidine hydrochloride (Sigma-Aldrich 

St. Louis, MO, USA)] solution at pH 7.4 containing protease inhibitors, for 3 days under 

agitation at 4°C. The EDTA and guanidine hydrochloride supernatants, E-extract, and G-

extract, respectively, were obtained by centrifugation at 5000 x g for 10 min at 4°C. E- and G-

extracts were dialyzed against ultrapure water using Mr 6,000 cut-off Spectra/Por dialyses 

tubing (Spectrum Laboratories, Rancho Dominguez, CA, USA) at 4°C for 6 h. The ultrapure 

water was exchanged twice. The total concentration of proteins was measured with the Pierce 

Rapid Gold BCA Protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA). The E- and 

G-extracts and dentin pellets were lyophilized (FreeZone Freeze Dryer, Labconco, Kansas 

City, MO, USA) and stored at -20°C for further analyses.  

 

Protein digestion  

The lyophilized samples (E-extract, G-extract and D-extract, 5-10 mg dry weight) were 

subsequently solubilized and digested into peptides following an established and previously 

described protocol (Fig. 1B)41. Briefly, the proteins were solubilized in 8M urea, and protein 

disulfide bonds were reduced using 10mM dithiothreitol and alkylated with 25mM 

iodoacetamide (Thermo Fisher Scientific, Rockford, IL, USA). Proteins were then 
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deglycoslyated with PNGaseF (New England Biolabs, Ipswich, MA, USA) and digested with 

Lys-C (Thermo Fisher Scientific, Rockford, IL, USA), and trypsin (Thermo Fisher Scientific, 

Rockford, IL, USA), at 37 °C. The samples were acidified with 50% trifluoroacetic acid (TFA, 

Thermo Fisher Scientific, Rockford, IL, USA) until the sample pH reached below 2. Acidified 

samples were desalted in C18 desalting columns (Pierce Peptide Desalting Spin Columns, 

Thermo Fisher Scientific, Rockford, IL, USA) and reconstituted in 95% HPLC grade water, 

5% acetonitrile and 0.1% formic acid. Peptide concentration was measured with a colorimetric 

assay (Pierce Quantitative Colorimetric Peptide Assay kit, Thermo Fisher Scientific, Rockford, 

IL, USA) and approximately 300 ng of peptides were analyzed by LC-MS/MS.  

 

Analysis of digested dentin proteins by LC-MS/MS 

Approximately 300 ng of desalted peptides were analyzed at the University of Illinois Mass 

Spectrometry core facility on a Thermo Fisher Orbitrap Velos Pro coupled with Agilent 

NanoLC system (Agilent, Santa Clara, CA). The LC columns (15 cm × 75 μm ID, Zorbax 

300SB-C18) were purchased from Agilent. Samples were analyzed with a 120-min linear 

gradient (0–35% acetonitrile with 0.1% formic acid) and data were acquired in a data-

dependent manner, in which MS/MS fragmentation was performed on the top 10 intense peaks 

of every full MS scan. Full MS scans were acquired in the Orbitrap mass analyzer over m/z 

350–1800 range with resolution 30,000 (m/z 400). The target value was 1.00E+06. The ten 

most intense peaks with charge state ≥ 2 were fragmented in the HCD collision cell with 

normalized collision energy of 35%, these peaks were then excluded for 30 s after 2 counts 

within a mass window of 10 ppm. Tandem mass spectrum was acquired in the Orbitrap mass 

analyzer with a resolution of 7,500. The target value was 5.00E+04. The ion selection threshold 

was 5,000 counts, and the maximum allowed ion accumulation times were 500 ms for full 

scans and 250 ms for HCD. 

 

RAW files were converted into mgf files using MSConvert (ProteoWizard). Database search 

was carried out using Mascot server version 2.6.2 (from Matrix Science). Mascot search 

parameters were: 10 ppm mass tolerance for precursor ions; 100 mmu for fragment-ion mass 

tolerance; two missed cleavages of trypsin; fixed modification was carbamidomethylation of 

cysteine; and variable modifications were oxidized methionine, deamidation of asparagine, 

pyro-glutamic acid modification at N-terminal glutamine, and hydroxylation of lysine and 

proline. Only peptides with a Mascot score ≥ 25 and an isolation interference ≤ 30 were 

included in the data analysis. For our analyses, we included proteins detected with at least 2 
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unique peptides. Mass spectrometry output was further annotated to identify ECM and non-

ECM components using the matrisome list we previously37,41 devised and newly developed R-

scripts available on GitHub at https://github.com/uic-ric/matrisome_tools. In brief, matrisome 

components are classified as core-matrisome or matrisome-associated components, and further 

categorized into groups based on structural or functional features: ECM glycoproteins, 

collagens or proteoglycans for core matrisome components; and ECM-affiliated proteins, ECM 

regulators, or secreted factors for matrisome-associated components41,42. Semi-quantitative 

analysis of proteins found in the D-extract of both young and old samples was conducted by 

comparing the normalized MS1 intensity. Statistical significance was determined by an 

unpaired t-test assuming equal variance of the samples (Supplementary Table S1O). 

 

Raw mass spectrometry data have been deposited to the ProteomeXchange Consortium43 via 

the PRIDE partner repository44 with the dataset identifier PXD018320 and 

10.6019/PXD018320. The raw data will be made publicly available upon acceptance of the 

manuscript.  
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Results and discussion 

 

Previous studies have shown that dentin proteins are soluble in either EDTA or 

guanidine solutions14,15, we thus aimed to analyze the ECM content of two fractions of different 

solubility (E- and G-extracts) but also of the remaining guanidine-hydrochloride-insoluble 

dentin pellet (D-extract), so as to obtain the highest amount of protein from the dentin ECM.  

In order to assess the reproducibility of the experimental pipeline devised for this study, 

we first compared, for each individual of the two age groups, the MS1 signal intensity (or 

peptide abundance) and the numbers of spectra and proteins detected in each of the three 

extracts of different protein solubility (Fig. 2A, 2B and Supplementary Table S1A). Overall, 

and as expected, peptides derived from matrisome proteins contributed to the majority of the 

MS1 signal intensity in all extracts (Fig. 2A, 2B and Supplementary Table S1A). A total of 260 

and 247 distinct ECM proteins were detected in young and old individuals, respectively 

(Supplementary Table S1D and S1I).  

 

2.1. Assessing the inter-individual variability in the ECM protein composition in dentin 

extracts of different solubility  

 

We first sought to evaluate the inter-individual relationships of E-, G- and D-extracts 

of for each age group (Fig. 3A and 3B). Our assessment of the ECM protein composition in 

distinct extracts revealed that inter-individual variability observed was limited and comparable 

among extracts and age brackets. We also show that our pipeline identifies well over 100 

distinct ECM proteins in each condition (see below). 

By taking into account ECM proteins detected with two or more peptides, our data 

identify respectively 126, 168, and 161 distinct ECM Proteins in the E-, G- and D-extracts of 

young individuals (Fig. 3A). Moreover, we identified in young individuals a set of 44 ECM 

proteins in E-extracts that overlap between all 3 individuals, 53 in G-extracts and 59 in D-

extracts. The number of unique ECM proteins found in each young individual varied according 

to the extract, where a higher number of unique ECM proteins was detected in G-extracts (92), 

when compared to E- (60) and D-extracts (66) (Fig. 3A), indicating a higher variability in 

samples of intermediate solubility.  

We found that extracts obtained from older individuals showed a total number of ECM 

proteins of 158 in E-extracts, 127 in G-extracts, and 156 in D-extracts. A greater variability 

was seen in D-extracts (84), when compared to E- (72) and G-extracts (58) (Fig. 3B). The 
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overlap of ECM proteins between older individuals was similar, where a set of 45, 40, and 47 

ECM proteins were detected in E-, G- and D-extracts, respectively (Fig. 3B).  

Overall, the inter-individual assessment revealed a similar level of variability between 

extracts and individuals of different age groups, where 40 to 55% of the ECM proteins 

identified were individual specific, 14 to 26% were present in two out of three individuals and 

28 to 37% were common in all three individuals.  

 

2.2. Dentin ECM protein solubility varies with age 

  

The comparison of the matrisome proteins detected in the extracts representing proteins 

of different solubility showed that each extract has a different protein composition (Fig. 4A-

F).  

The number of ECM proteins identified in all three extracts of samples obtained from 

young individuals represented 40 to 60% of the ECM proteins. The numbers of unique ECM 

proteins detected in a specific extract were similar among individuals, in which the D-extracts 

(containing the most insoluble proteins) had the highest number of unique proteins, 35-38%, 

and the E-extracts (containing more soluble proteins), the lowest, 20-33% (Fig. 4A-C). 

Interestingly, we observed that, overall, G- and D-extracts of young individuals had similar 

ECM content (number of proteins and peptide abundance or MS1 intensity), although higher 

ECM content, when compared to E-extracts (Fig. 2A, 4A-C, and Supplementary Table S1A). 

This was somewhat anticipated, since ECM proteins, being large and highly cross-linked, are 

highly insoluble.  

In contrast, the analysis of the dentin ECM protein composition of old individuals 

revealed a higher number of ECM proteins in samples of higher solubility (E-extracts; Fig. 4D-

F, and Supplementary Table S1A) and approximately 25% less proteins detected in the G-

extracts when compared to the G-extracts of young individuals. This change was also reflected 

at the peptide abundance (MS1 intensity) level. The number of shared proteins identified in 

extracts of old individuals represented 37 to 60% of the ECM proteins (Fig. 4D-F). We 

observed that the number of unique ECM proteins detected in a specific extract had a wider 

range among individuals, namely 32-44% (E-extract), 19-30% (G-extract) and 27-37% (D-

extract).  

Altogether, these results suggest a shift in the solubility of ECM protein of dentin with 

age, where the proteins composing the dentin of older teeth are more soluble than the proteins 

of the dentin ECM of younger teeth (Fig. 3, lower panels). Multiple mechanisms contribute to 
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determining the level of assembly (or insolubility) of ECM proteins, including post-

translational modifications such as cross-linking or, on the contrary, protein cleavage or 

degradation. Previous studies have found shifts in protein solubility with age, one 

demonstrating differences in protein profiles of young and old superficial digital flexor 

tendons, and altered ECM protein turnover and increased protein degradation in old samples 

when compared to young45; moreover a more recent investigation showed a comparison of 

solubility profiles between lung samples of young and old mice, and revealed a variety of 

proteins with altered solubility profiles as a function of age40. However, the functional 

implications and cause of these changes to protein solubility with aging are still unknown and 

we anticipate that it will be the focus of future investigations.  

 

2.3. Defining the dentin matrisome 

 

In order to further characterize age-related differences in the ECM composition of 

young and old dentin, we defined, for each age group, the dentin matrisome as the ensemble of 

proteins detected in at least two individuals and in either E-, G- and D-extracts (see triangles 

in Fig. 3A and 3B, and resulting data Fig. 4G and 4H and Table 1). Using this definition, the 

dentin matrisome of young and old adult individuals comprises, 125 and 112 ECM proteins, 

respectively (Fig. 4G and 4H, Table 1).  

The main proteins that have previously been shown to compose the dentin ECM were 

found, in majority, in the E- and D-extracts of both young and old samples. Collagens, as 

expected, were the most abundant protein in the dentin matrisomes. The fibrillar type I collagen 

(COL1A1 and COL1A2) was predominant46, however, we also report the identification of a 

large number of collagens not previously associated with the dentin tissue, including collagens 

type VII-X, XIII-XIX and XXI-XVIII (Table 1).  

We identified glycoproteins such as DSPP, SPP1, PCOLCE, SPARC, MGP and VTN 

that are known dentin proteins with important roles in biomineralization, enzymatic cleavage 

of type I procollagen and supporting cell adhesion16,20,47,48. In addition, we also report the 

detection of other glycoproteins never found before in the dentin ECM, such as AMBN, 

AMELY, COLQ, CRELD1, CTHRC1, ECM1, EMID1, EMILIN2, FBLN2, FNDC1 and 

FNDC8, FRAS1, GLDN, HMCN2, IGSF10, LAMA2,3 and 5, MXRA5, SSPO and TNXB, 

(see below).  

Proteoglycans (PGs) from the small leucine-rich proteoglycan (SLRP) family were the 

major PGs herein found. They include BGN, DCN, LUM and OMD, which are known to 
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participate in collagen fibril assembly, tissue growth and regulation of interfibrillar 

spacings23,49. We also detected perlecan (HSPG2), one of the largest PGs that binds to different 

ECM components and plays various roles in cell signaling, mineralization and biomechanics50.  

Among the ECM-associated proteins, we report the identification of large number of A 

Disintegrin And Metalloproteinase (ADAM) family members, such as ADAMTS12, ADAM2, 

ADAMTS2, ADAMTSL3, ADAM28, ADAM8, ADAM29, ADAMTSL5 (Table 1). These 

proteins are involved in proteolytic release of fragments of cell surface proteins51. Additionally, 

we detected ECM-affiliated proteins from the semaphorins protein family, SEMA6D, 

SEMA4G and SEMA5B, that are known for their effects on cellular processes (adhesion, 

aggregation, migration, etc.)52 . 

In summary, the depth of our analysis, has permitted the identification of proteins never 

found before in the dentin ECM and is opening novel avenues for dental research (see 

Conclusion section). 

  

2.4. The dentin ECM composition changes with age  

 

The comparison of the young and old dentin ECM matrisome composition revealed that 

a large portion of proteins (91) are identified in both age groups (Fig. 5A and Supplementary 

Table S1N). Remarkably, a higher number of unique ECM proteins was found in young teeth 

(34) when compared to old teeth (21) (Figure 5A, Table 1). The young dentin matrisome 

consists of predominantly collagens (34%) and glycoproteins (27%), along with proteoglycans 

(5%), where together they constitute the young dentin core matrisome. Matrisome-associated 

proteins were also present, however in a smaller amount, represented by 14% each of ECM-

affiliated proteins and regulators, and 7% of secreted factors (Supplementary Table S1H). The 

old dentin matrisome is composed of a majority of core matrisome proteins, where 38% are 

collagens, 22% ECM glycoproteins and 4% proteoglycans. The matrisome-associated proteins 

were less evident shown by 14% of ECM-affiliated proteins, 13% of regulators, and 7% of 

secreted factors (Supplementary Table S1M).  

The major components found in both groups are collagens (46%) and ECM 

glycoproteins (23%) (Fig. 5B and Table 1). A smaller number of proteoglycans and secreted 

factors were detected, approximately 4 to 5%, each. Matrisome-associated proteins such as 

ECM-affiliated proteins and regulators were identified in similar number (10-11%). Overall, 

the core matrisome proteins were predominant (74%) in the proteins found in both young and 

old samples. 
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Tables in Fig. 5C and 5D show the ECM proteins uniquely identified in the young or 

old dentin matrisomes. Importantly, we identified significant age-related shifts in the number 

of unique ECM proteins, shown predominantly by a 3.25-fold increase in the number of ECM 

glycoproteins in young individuals when compared to older individuals. Exclusively found in 

the young matrisome were ameloblastin (AMBN) and amelogenin Y-Linked (AMELY), two 

glycoproteins that primarily have an important role in enamel matrix formation53; however, 

studies have reported the presence of these proteins in other mineralized and soft tissues (i.e. 

dentin, cementum, periodontal ligament, bone, brain, and soft tissues), where they participate 

in the mineralization process54,55. Other noteworthy changes were to the PGs content, in which 

decorin (DCN) and neurocan (NCAN) were detected solely in the young matrisome (Fig. 5C), 

while, PRG4 was uniquely detected in the old dentin matrisome (Fig. 5D). The changes in PGs 

abundance with age has not been fully explored in dentin, however, a study concerning the 

aging human skin showed that PGs such as versican and decorin displayed age-related 

differences, where the size and sulfation pattern of glycosaminoglycans (GAGs) of versican 

decreased with age, as did the length of the GAGs of decorin56. Hence, we suggest that changes 

in the composition of dentin ECM with age, regarding PGs, could potentially play important 

roles in alterations of the dentin ECM ultrastructure, collagenous network and eventually 

biomechanics and functionality.  

The number of affiliated proteins and secreted factors were comparable among age 

groups, yet ECM regulators of young dentin showed 1.6-fold higher number of unique proteins 

when compared to old samples. The decrease in the total number of ECM regulators in dentin 

with age, in particular proteinases (ADAMs and ADAMTSs and their inhibitors) could 

contribute to decreased ECM remodeling, leading to the disorganization of the collagenous 

ECM57, and overall structural and regulatory damage to the aging dentin ECM.  

The comparison between young and old matrisomes ultimately reveals that, while 

sharing a large number of proteins, each matrisome presents certain unique components that 

may relate to the particular functions of the dentin tissue. Previous metabolic and proteomic 

investigations in different model organisms such as mice40, nematodes58, and humans59, have 

shown alterations in ECM abundance with age, however, the underlying mechanisms are yet 

to be determined.  

Since our study is the first to report the in-depth characterization of the most insoluble 

proteins (D-extract) of the dentin in young and old samples, we further analyzed in more details 

the composition and abundance of D-extracts. Our analysis revealed that a large fraction of 

matrisome proteins in D-extract (59) are detected in both young and old groups (Fig. 6, Table 
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1). The main protein category identified was collagen, represented by 68% of the total proteins. 

ECM glycoproteins accounted for 14% of the shared proteins, proteoglycans for 3%, and 

matrisome associated proteins, for 15% total. Interestingly, there were more ECM proteins 

solely identified in young individuals (36) when compared to old (13) individuals (Fig. 6, Table 

1). Predominantly, the unique proteins detected, in young individuals, were ECM glycoproteins 

(31%), ECM-affiliated proteins (22%) and regulators (25%), whereas in old individuals mainly 

matrisome-associated proteins (ECM-affiliated, 31% and regulators, 23%) were found. 

Semi-quantitative analysis was accomplished by comparing the relative protein 

abundance in the ECM proteins detected in both young and old D-extracts using MS1 intensity 

data (Supplementary Table S1O). Only proteins represented with at least two peptides were 

considered for the analysis. Of all 59 proteins found in both young and old samples (Table 1 

and Supplementary Table 1O), only COL3A1 was detected in statistically significant higher 

abundance in old D-extract when compared to young (Supplementary Table 1O; p = 0.034). 

Collagen type III is a fibrillar collagen that is highly associated with collagen type I60. Its 

deficiency is related with Ehlers-Danlos syndrome (EDS)61. COL3A1 has also been associated 

with regulation of fibril diameter and collagen cross-linking62, thus we suggest that higher 

abundance of this protein in older adult dentin ECM could be associated with collagen post-

translational modifications that occur with time.  

Even though, the abundance of ECM proteins is comparable among young and old 

dentin, further proteomic investigations using label-based quantitative methods, or focusing on 

post-translational modifications, and the functional roles of specific proteins may reveal 

additional differences occurring in the dentin ECM during aging. 

 

2.5.  Meta-analysis of young dentin proteomic datasets  

 

 Last, we aimed to compare the list of ECM proteins defined in our study with those of 

reported in two previous studies that have explored the proteome of human dentin root14,15. In 

order to compare our data with these, we retrieved and reannotated them with the in silico-

predicted complete matrisome list63 (Supplementary Table S2A). Since the two selected studies 

analyzed dentin samples from individuals between the ages of 10 and 33, the comparison of 

the published data was performed with the young dentin matrisome defined here 

(Supplementary Table S2B). 

The assessment revealed 27 ECM proteins found in all three studies (COL1A1, 

COL1A2, COL5A1, COL11A2, COL12A1, DPP, DSPP, BGN, DCN, HSPG2, MMP20, VTN, 
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IGFBP5, MGP, PCOLCE, POSTN, SPARC, SPP1, LUM, OMD, CLEC3B, F2, F10, KNG1, 

SERPINA1, SERPINA10, SERPINF1) and another set of 24 ECM proteins that were detected 

in two of the three studies (Fig. 7A, Table 2). The presence of proteins such as DPP, DSPP, 

BGN, DCN, HSPG2, and MMP20 further confirms the established association of these proteins 

to the dentin. However, a greater difference is revealed between the three matrisomes: while 

35 and 22 proteins were unique to the studies by Jágr et al15. and Park et al14., respectively, our 

study identified an additional 89 ECM proteins not detected before in the dentin of the root of 

human teeth. These 89 proteins consisted of 31 collagens, 24 glycoproteins, 16 ECM-affiliated 

proteins, 9 secreted factors, 8 ECM regulators, and 1 proteoglycan (Table 2, Supplementary 

Table S2B). This meta-analysis overall demonstrates the depth of our ECM-focused proteomic 

and analytical pipeline and reveals an extensive list of collagens never before identified in this 

type of samples. This can be explained by the fact that our methodology was tailored to study 

specifically ECM proteins, while other studies employed more generic proteomics pipeline, for 

example, core ECM proteins being typically very large, SDS-PAGE, may not allow to fully 

resolve them. In addition, ECM proteins, and collagens in particular, present a specific set of 

post-translational modifications, namely hydroxylation of lysines and prolines that must be 

allowed as variable modifications, if, as we previously reported, one wants to identify collagen 

peptides in mass spectrometry datasets36,64.  

Since our approach allowed for the specific profiling of three distinct dentin extracts, 

we further compared extracts of similar solubility from the study from Jágr et al to the 

respective E-, G-, and D-extracts of the present study, (Fig. 7B, 7C, and 7D, Table 2). A set of 

23 ECM proteins were identified in E-extracts of both studies (Fig. 7B). G-extracts and D-

extracts revealed 15 and 10 ECM overlapping proteins, respectively (Fig. 7C and 7D). While 

the comparison of G-extracts revealed that similar number of proteins that were uniquely 

identified in each study, the D-extract, contained a significantly greater number of ECM 

proteins identified (85) compared to Jágr et al (2). Altogether, these comparisons demonstrate 

the potential of our experimental pipeline to characterize the most insoluble ECM components 

not only from soft tissues as previously shown but also from mineralized tissues.  

 

Conclusion 

 

We propose that the comprehensive list of core ECM and ECM-associated proteins of 

young and old human root dentin provided here, constitutes the first step towards the discovery 

of potential biomarkers of the aging tooth. While our initial in-depth study of the dentin 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 28, 2020. ; https://doi.org/10.1101/2020.05.27.116624doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.27.116624
http://creativecommons.org/licenses/by-nc/4.0/


 15 

matrisome of two age brackets revealed age-related changes to dentin ECM protein solubility 

and composition, investigations are now necessary to unveil age-dependent mechanisms 

leading to these changes. For example, changes in ECM protein solubility can result from 

alterations in the level of cross-linking or degradation of these proteins, while changes in the 

composition can result from modifications in gene expression or protein secretion. Further 

investigations will also be needed to address the functional consequences of the changes in 

ECM solubility and composition during aging. If successful, they may lead to the development 

of novel preventative strategies to maintain a healthy dentition and improve the health of our 

aging society.  
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Figure 1. ECM Enrichment pipeline for the cervical root dentin. (A) Schematic of a sound human molar (EN:
enamel, D: dentin, C: cementum, DEJ: dentin-enamel junction, CEJ: cement-enamel junction, and P: pulp) and the
type of dentin (root) and area (cervical) used for protein extraction. (B) Experimental pipeline describing sample
preparation, protein extraction, digestion, and mass spectrometry analysis. (C) Color code used throughout the
figures to identify the different protein extracts and the age of the individual.
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Figure 2. Characterization of ECM proteins abundance in extracts of different solubility in young and old dentin
samples. Pie charts show peptide abundance (upper panels), number of total spectra (middle panels), and
number of proteins (lower panels) across all extracts (E, G, and D) for representative young (A) and old (B)
samples (related to Supplementary Table 1A).
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Figure 3. Inter-individual comparison of ECM proteins detected in extracts of differing solubility and definition
of the young and old dentin matrisomes. Venn diagrams display the inter-individual comparisons of young (A)
and old (B) ECM proteins detected in E- (upper panels), G- (middle panels), and D- (lower panels) extracts. The
triangles highlight the ensemble of proteins used to define the matrisomes each extract and consist of ECM
proteins identified in at least two individuals.
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Figure 4. Comparison of young and old dentin ECM proteins detected in extracts of different solubility and
definition of the dentin matrisome. Venn diagrams display the number of matrisome proteins detected E-, G-, and D-
extracts in young (A - C) and old (D - F) samples (related to Supplementary Tables 1E to 1L). Proteins included in the
analysis were detected with at least two peptides. (G - H) The young and old dentin matrisomes are defined as the
ensemble of proteins detected in at least one of the E-, G-, or D- extract and at least in 2 of 3 individuals (related to
Supplementary Tables 1H and 1M).
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Figure	5.
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Figure 5. Comparison of the young and old dentin matrisomes. (A) Venn diagram illustrates the number of
matrisome proteins detected in either or both age groups (related to Supplementary Tables 1D, 1I, and 1N). (B)
Bar chart shows the distribution of proteins detected in young (yellow) and old (grey) dentin matrisomes across
the different matrisome categories (collagens, ECM glycoproteins, proteoglycans, ECM-affiliated proteins, ECM
regulators, and secreted factors). (C) List of 34 ECM proteins uniquely identified in young individuals. (D) List of 21
proteins uniquely identified in old individuals. Proteins are classified in matrisome divisions and categories
(related to Supplementary Tables 1D, 1I, and 1N).
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Figure	6.
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ECM	Glycoproteins CLEC4F
AMBN FREM3
AMELY GPC3
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Figure 6. Analysis of the ECM proteins identified in D-extracts of young and old individuals. Venn diagram
represents the overlap between ECM proteins found in young and old D-extracts. Tables list ECM proteins
detected exclusively in young (yellow, left panel) or old (gray, right panel) D-extracts. The complete young and old
human dentin matrisomes are presented Table 1 and Supplementary Table 1N. Proteins are grouped into
matrisome divisions and categories.
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Figure	7.

D.

G-extract Jágr	et	al,	2012

Figure 7. Comparisons of young matrisome with those of published studies, with matrisome annotations. The Venn
diagrams illustrate the number of shared and distinct proteins between the lists defined as the young dentin
matrisome in this study and the re-annotated proteomes of human dentin published by Jágr et al, and Park et al (A).
With differing methods of extraction used, the subsequent breakdown is further grouped and illustrated by: E-extracts
(B), G-extracts (C), and D-extracts (D). The complete matrisome of each study is presented in Supplementary Table 2,
where the proteins are grouped into matrisome divisions and categories.
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Table 2: Matrisomes of young human dentin
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AEBP1 COL10A1 ANXA1
AMBN COL11A1 ANXA11
AMELY COL11A2 ANXA2
BGLAP COL12A1 ANXA4
COLQ COL13A1 ANXA5
CRELD1 COL14A1 ANXA6
CTHRC1 COL15A1 ANXA7
DMBT1 COL16A1 C1QTNF2
DMP1 COL17A1 C1QTNF9
DPT COL18A1 CLEC11A
DSPP COL19A1 CLEC3B
ECM1 COL1A1 CLEC4F
ECM2 COL1A2 COLEC12
EMID1 COL21A1 FCN2
EMILIN2 COL22A1 FREM3
FBLN2 COL23A1 GPC3
FGB COL24A1 HPX
FGG COL25A1 LGALS1
FN1 COL26A1 LGALS3
FNDC1 COL27A1 LGALS7
FNDC8 COL28A1 LGALS9
FRAS1 COL2A1 LMAN1L
GLDN COL3A1 MBL2
HMCN2 COL4A1 MUC16
IBSP COL4A2 MUC5B
IGFBP1 COL4A3 MUC6
IGFBP3 COL4A4 SEMA4G
IGFBP5 COL4A5 SEMA5B
IGSF10 COL4A6 SEMA6D
LAMA2 COL5A1 SFTPD
LAMA3 COL5A2 ADAM2
LAMA5 COL5A3 ADAM29
LRG1 COL6A1 ADAMTS12
LTBP3 COL6A2 ADAMTS2
MEPE COL6A3 ADAMTSL3
MFGE8 COL6A5 ADAMTSL5
MGP COL6A6 AGT
MXRA5 COL7A1 AMBP
OTOG COL8A1 CTSD
OTOL1 COL8A2 F10
PCOLCE COL9A1 F2
POSTN COL9A2 F7
RELN COL9A3 F9
SPARC C1QTNF9B HRG
SPP1 CCBE1 ITIH2
SRPX EDA ITIH3
SSPO FGF11 ITIH4
TGFBI FLG KNG1
THBS1 FLG2 LOX
TNC HRNR LOXL2
TNN IL3 MMP2
TNXB INS-IGF2 MMP20
VTN MDK PLAT
ASPN PTN PLG
BGN S100A6 SERPINA1
CHAD S100A7 SERPINA10
DCN S100A8 SERPINA3
FMOD S100A9 SERPINA6
HAPLN1 TCHHL1 SERPINB3
HSPG2 TGFB1 SERPINB4
LUM WNT5B SERPINC1
NCAN SERPINF1
OGN SERPINF2
OMD SERPING1
PRELP SERPINH1
SPOCK3 SLPI
VCAN TGM3

TIMP1
TLL2
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The table contains the matrisome of the young 
dentin, and re-annotated studies done by Jágr et al 
(2012), and Park et al (2009). Proteins are grouped 
by the following matrisome categories: collagens, 
ECM glycoproteins, proteoglycans, ECM-affiliated 

proteins, ECM regulators and secreted factors. Cells 
highlighted in yellow and brown indicate the ECM 

proteins detected in this study and previous, 
respectively.
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