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Abstract

Aim: To determine the structural and gene expression features of different intra-oral

soft tissue donor sites (i.e., anterior palate, posterior palate, maxillary tuberosity and

retromolar pad).

Materials and Methods: Standardized mucosal tissue punch biopsies were collected

from at least one donor site per subject. Histological processing was performed to

determine tissue morphometry and quantify collagen composition. Site-specific gene

distribution was mapped using targeted gene expression analysis and validated using

real time polymerase chain reaction (qPCR).

Results: A total of 50 samples from 37 subjects were harvested. Epithelial thickness

did not differ between sites. However, lamina propria was thicker in the maxillary

tuberosity (2.55 ± 0.92 mm) and retromolar pad (1.98 ± 0.71 mm) than in the lateral

palate. Type I collagen was the predominant structural protein in the lamina propria

(75.06%–80.21%). Genes involving collagen maturation and extracellular matrix regu-

lation were highly expressed in the maxillary tuberosity and retromolar pad, while

lipogenesis-associated genes were markedly expressed in the lateral palate. The ret-

romolar pad showed the most distinct gene expression profile, and the anterior and

posterior palate displayed similar transcription profiles.

Conclusions: Tissue samples harvested from the anterior and posterior palate dif-

fered morphologically from those from the maxillary tuberosity and retromolar pad.
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Each intra-oral site showed a unique gene expression profile, which might impact

their biological behaviour and outcomes of soft tissue augmentation procedures.

K E YWORD S

connective tissue, gene expression, histology, oral mucosa, phenotype

Clinical Relevance

Scientific rationale for study: Autologous soft tissue grafts are routinely used in periodontal and

implant-related plastic surgery. However, evidence is scarce regarding the specific biological

properties of tissues obtained from different intra-oral donor sites.

Principal findings: Although epithelial thickness was similar between donor sites, lamina propria

was thicker in maxillary tuberosity and retromolar pad compared to palatal samples. A higher

percentage of collagen type I than collagen type III was observed in all groups. Genes related to

distinct cellular functions, such as collagen biosynthesis, extracellular matrix organization and

cell signalling, varied in expression depending on the donor site.

Practical implications: Donor tissue harvested from the anterior and posterior palatal regions

showed distinct structural and genetic differences compared to the maxillary tuberosity and ret-

romolar pad. Knowledge on gene expression profiles may be used for clinical decision making

regarding the choice of donor site and expected healing outcomes after soft tissue

augmentation.

1 | INTRODUCTION

Soft tissue augmentation procedures aimed at periodontal and

peri-implant phenotype modification have evolved over the past

several decades (Avila-Ortiz et al., 2022; Chambrone et al., 2018;

Chambrone & Ortiz, 2022). Autologous subepithelial connective tissue

graft (SCTG) is currently considered the gold standard for soft tissue

augmentation in periodontal plastic surgery involving natural teeth,

edentulous sites and dental implants due to its high predictability and

effectiveness (Barootchi et al., 2020; Cairo et al., 2014; Chambrone

et al., 2008; Tavelli et al., 2021). However, the quantity of available

SCTG is limited by the site of harvest and intrinsic anatomical differ-

ences among patients (Del Pizzo et al., 2002; Griffin et al., 2006).

Although SCTGs are commonly harvested from the palatal region

because of accessibility and typically larger dimensions, other loca-

tions (e.g., maxillary tuberosity [MT]) may serve as donor sites

(Gamborena & Markus, 2014; Meltzer, 1979). Currently, the choice of

the donor site is generally based on the clinician's preference, as dif-

ferences in biological properties and outcomes based on harvest site

are still unclear (Zuhr et al., 2014).

The characteristics of the donor site might influence post-

operative healing and surgical outcomes. For example, it has been sug-

gested that SCTGs from the tuberosity may have less post-operative

shrinkage, as they contain more collagen and less adipose tissue com-

pared with those from the anterior palate (AP) (Zuhr et al., 2014).

Even within SCTGs harvested from the palate, variations in the pro-

portions of adipose tissue and lamina propria have been observed

(Harris, 2003). Other studies have noted differences in collagen cross-

linking and maturation between SCTGs obtained from the palate and

the tuberosity (Dellavia et al., 2014; Kagan, 1986). More recently

Sanz-Martin et al. (2019) found a greater percentage of lamina propria

and a lower percentage of submucosa in the tuberosity region than in

the palate.

The expected healing response and the associated patient mor-

bidity also may play a role in the selection of the SCTG donor site.

Interestingly, epithelial cells from the hard palate have been shown to

harbour unique proliferative heterogeneity due to the influence of

various factors on stem cell activity, such as specific location and mas-

ticatory activity (Byrd et al., 2019).

Differences in tissue macrostructure and the biological activity of

individual cell types may vary between specific intra-oral sites and

could have an impact on clinical outcomes. However, there is limited

comprehensive information on structural features and gene expres-

sion profiles of SCTGs from different intra-oral locations. Therefore,

this study aimed to analyse the histological characteristics and the

gene expression profiles of sub-epithelial connective tissue samples

(SCTS) collected from four different intra-oral locations: AP, posterior

palate (PP), MT and retromolar pad (RP).

2 | MATERIALS AND METHODS

2.1 | Experimental design and centre

This cross-sectional clinical study was conducted in the Department

of Periodontics, University of Iowa College of Dentistry and Dental

Clinics, between November 2020 and May 2021 in compliance with

Strengthening the Reporting of Observational Studies in Epidemiol-

ogy (STROBE) guidelines for cross-sectional studies (von Elm

et al., 2007).
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2.2 | Ethical approval and registration

Approval for the experimental protocol was obtained from the Univer-

sity of Iowa Institutional Review Board in November 2020 (HawkIRB

#202006325).

2.3 | Outcomes of interest

Histomorphometric outcomes

• Epithelium and lamina propria thickness.

• Relative percentages of collagen types I and III (COL-I and COL-III)

in the lamina propria.

Gene expression outcomes

• Quantification of gene expression related to soft tissue differentia-

tion, proliferation, angiogenesis, inflammation and potential for

maturation at each site.

2.4 | Eligibility criteria and recruitment

The inclusion criterion was as follows: systemically healthy (American

Society of Anesthesiology I/II) adults (≥18 years of age) who required

surgical procedures or sub-epithelial connective tissue graft harvest-

ing in one of the regions of interest.

The exclusion criteria were as follows: (1) current or heavy

smokers, defined as subjects who have smoked >10 cigarettes per

day within 6 months of study onset and have smoked >100 cigarettes

in their lifetime; (2) uncontrolled diabetes mellitus (defined as

HbA1c > 7.0%); (3) liver or kidney failure; (4) active local or systemic

infections; (5) current chemo- or radiotherapy or history of radiother-

apy in the head and neck area in the last 18 months; (6) severe hae-

matological disorders; (7) any autoimmune disorder, inflammatory

condition or medications that may compromise normal wound heal-

ing; (8) pregnant or nursing women; (9) removable prosthesis resting

in the sites of interest and (10) unwilling or unable to sign the

informed consent.

2.5 | Clinical procedures

All surgical procedures were performed under local anaesthesia. A

uniform full-thickness mucosal sample was obtained by means of a

standardized 4-mm tissue punch (Integra Miltex, Integra LifeSciences,

Princeton, NJ, USA) as illustrated in Figure 1. All harvesting proce-

dures were completed by supervised residents and/or faculty mem-

bers in the Department of Periodontics, University of Iowa. All

samples were harvested at a safe distance from the gingival margin of

adjacent teeth to prevent the occurrence of clinical attachment loss.

Four regions of interest were defined as follows (Figure 2):

• AP: the region from the mesial of the maxillary lateral incisor to the

distal of the maxillary first premolar;

• PP: the region from the mesial of the maxillary second premolar to

the distal of the maxillary second molar, if present;

• MT: the anatomical region distal to the most posterior maxillary

tooth, up to the first molar;

• RP: the anatomical region distal to the most posterior mandibular

tooth, up to the first molar.

After harvesting, the samples were bisected, and one portion was

stored in a 10% buffered formalin solution for histological analysis.

The remaining portion was then divided in half, with one portion

being stored in 1 mL RNALater stabilization solution (Thermo Scien-

tific, USA) and the other frozen at �20�C for gene expression and

real-time polymerase chain reaction (RT-PCR) analysis. The formalin-

fixed samples were submitted to the University of Iowa, Department

of Oral Pathology Core, for paraffin embedding. Samples were

assigned a code based on the donor site. Up to four samples could be

collected per subject, with a maximum of one sample per site if the

surgery encompassed multiple regions of interest.

2.6 | Histological analysis

All formalin-fixed tissue samples were used for histological analysis.

The previously bisected samples were embedded in paraffin on their

cut surface and serial histological sections (4-μm thickness) were

made by one independent examiner (SS). Haematoxylin and eosin

(H&E) and Picrosirius red staining (PRS) were used to visualize differ-

ent tissue characteristics. H&E staining was performed using an auto-

mated system in one run to prevent batch effects in the staining

process (Sakura Tissue-Tek DRS 2000, USA). PRS was performed by

two trained individuals (SS and KG) according to manufacturer's

instructions (NovaUltra, USA). Finally, sections were mounted in a res-

inous medium (Epredia, Fisher Scientific). All stained slides were

reviewed by a board-certified oral pathologist (FN) to confirm appro-

priate sectioning, staining and embedding/orientation. Cases showing

tangential sectioning or absent epithelium were excluded from the lin-

ear measurements, after several attempts to reorient the specimen in

the paraffin block. Samples that were compromised because of pro-

cessing errors were excluded from linear measurements. The PRS sec-

tions were examined under normal and polarized light, the latter

images using a light microscope (Olympus LS BX53, Japan). Photomi-

crographs were obtained at a constant magnification (40�) for colla-

gen quantification and at 20� for linear measurements of structural

components by an independent examiner (GAO) using a light micro-

scope (Zeiss Primo Star, Germany). A duplicate copy of each sample

was labelled with computer-generated, randomized numeric digits

(String Generator, Random.org). Representative sections of each area

of harvest are shown in Figure 3.

All histomorphometric assessments were made by two indepen-

dent examiners (SS and FN) who were calibrated on 10 unrelated tis-

sue sections. Linear measurements of epithelial, lamina propria and
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F IGURE 1 Representative clinical image and illustration of a sample harvested as part of this study. (a) Donor site, in this case maxillary
tuberosity region, after tissue sample collection. (b) Main layers of the tissue sample, prior to bisection, from superficial to deep: epithelium,
lamina propria and submucosa.

F IGURE 2 Visual depiction of
the pre-defined anatomical
locations where samples were
harvested: anterior palate (green),
posterior palate (yellow),
maxillary tuberosity (blue) and
retromolar pad (orange).

F IGURE 3 Photomicrographs of representative tissue samples from each donor site. (a) Haematoxylin and eosin staining. (b) Picrosirius red
staining. (c) Polarized images from the Picrosirius red stained slides.

STUHR ET AL. 1363
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submucosa thickness were performed in triplicate and averaged. Each

section had a pre-established horizontal line delineating the lamina

propria from the submucosa layer, if present. If the submucosa layer

was not present, a horizontal line at the base of the tissue specimen

was pre-established by a board-certified oral pathologist (FN) prior to

subsequent measurements. The first vertical measurement was made

at the tissue section's midpoint to divide the specimen into two equal

halves, and then each half was subsequently measured lengthwise at

its midpoint. Tukey honestly significant difference (HSD) was used to

determine the statistical significance in epithelial and lamina propria

thickness between the various donor sites.

PRS sections were analysed under polarized light for collagen

quantification. COL-I fibres were stained in red, and COL-III fibres

were stained in green. Quantitative analysis was performed using the

software package ImageJ (National Institutes of Health, Bethesda,

MD, USA) using the Red/Green/Blue profiling tool, which gave an

estimate of the relative proportions. Tukey HSD was used to deter-

mine the statistical significance in collagen proportions between the

various donor sites.

2.7 | Gene expression analysis

RNA isolation was achieved using the QIAGEN AllPrepDNA/RNA

FFPE kit. The isolated RNA was hybridized with reporter and capture

probes for a human fibrosis panel and nCounter analysis (nanoString

Technologies, USA). The human fibrosis panel profiled 770 genes

across 51 annotated pathways involving immune responses to tissue

damage, inflammation, proliferation, extracellular matrix modifications

and tissue alterations. Transcript counts less than the mean of the

negative controls (±1 SD) were considered as background and

excluded. Quantitative data were normalized to house-keeping genes,

analysed and visualized using volcano plots using the nCounter analy-

sis platform (nSolver 4.0 Analysis Software, R 3.3.2, and the Advanced

Analysis 2.0 plugin, nanoString Technologies, USA). Findings from the

nCounter analysis were validated using RT-PCR.

2.8 | Real-time polymerase chain reaction

The top nine of the most differentially expressed genes and those

genes that contributed to the critical function in the tissue were

derived from the targeted RNA profiling analysis and analysed using

RT-PCR (ACACA, CXCL12, ERO1A, GATA3, KLRD1, SERPINF1, THBS2,

COL1A1 and COL3A1). The selected genes related to collagen biosyn-

thesis (COL1A1, COL3A1 and THBS2), extracellular matrix synthesis

(SERPINF1), lipogenesis (ACACA), focal adhesion signalling (GATA3)

and cell signalling (CXCL12, ERO1A and KLRD1).

Total RNA was isolated using the RNeasy Mini Kit according to

manufacturer's instructions (Qiagen, USA). RNA concentration was

calculated using the NanoDrop 1000TM spectrophotometer (Thermo

Scientific, USA). Primers were selected based on applications previ-

ously reported in peer-reviewed, published human studies (Table S1).

PCR initial activation was performed. Reverse transcription was com-

pleted with total RNA using the First Strand cDNA Synthesis Kit (Syd

Labs, USA). After RT reaction was performed, the resulting first-strand

cDNA was used for real-time PCR analysis in an Agilent MX3005P

instrument. HPRT1 was used as the house-keeping gene for normali-

zation, and assay was performed in triplicates. Fold changes were cal-

culated by comparing the normalized cycle threshold (Ct) values from

different sites to the PP site.

2.9 | Sample size calculation

The sample size calculation of this study was based on the mean

values of previous studies where the density of collagen in samples

obtained from the tuberosity and palate was compared (Bertl et al.,

2015; Dellavia et al., 2014). The minimum sample size of 11 per group

resulted from a power analysis calculation, considering the number of

groups (4), a power of 0.8, effect size of 0.7 and a significance level of

at least 0.05 (G*Power, version 3.1).

3 | RESULTS

3.1 | Demographic characteristics

A total of 50 samples from 37 patients who fulfilled the inclusion and

exclusion criteria were included in this study. The study population

comprised 64.9% females and 35.1% males, and the mean age was

46.4 ± 15 (range: 19–77). All patients were non-smokers. Three

patients had well-controlled type II diabetes (1 PP and 2 RP). Baseline

demographic data per group are shown in Table 1. No significant dif-

ferences were observed between the groups.

3.2 | Sample characteristics

Thirteen AP, 13 PP, 12 MT and 12 RP SCTS were collected. Two PP

and RP samples were excluded from linear measurement analysis and

one RP sample was excluded from the collagen quantification because

of embedding error or processing distortion. Two PP samples were

also excluded from gene expression analysis because of inadequate

RNA counts, leading to a total of 11 samples in the PP group.

3.3 | Histological and histomorphometric analyses

Specimens from AP, PP, MT and RP were surfaced by orthokerati-

nized stratified squamous epithelium with a prominent granular layer

featuring well-defined, uniformly long epithelial rete ridges. This pat-

tern of keratinization and the presence of demarcated rete ridges are

features commonly seen in the oral epithelium that is attached to

underlying bone (i.e., attached mucosa), which corresponds to the

anatomical location of the specimens. The mean epithelial thickness

1364 STUHR ET AL.
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was 0.47 ± 0.06 mm for AP (n = 13), 0.41 ± 0.06 mm for PP (n = 11),

0.45 ± 0.10 mm for MT (n = 12) and 0.48 ± 0.15 mm for RP (n = 10),

as shown in Table 2 (Tukey HSD, p > .05). Although not statistically

significant, a subset of cases from MT and RP showed a slightly

thicker epithelial layer with associated areas of hyperkeratosis com-

pared to AP and PP, which may be explained by a greater exposure of

MT and RP sites to trauma, especially during mastication. Importantly,

no epithelial atypia or dysplasia was identified (Figure S1A1–D1).

The underlying lamina propria showed variability in thickness

across the samples. The mean lamina propria thickness was 0.92

± 0.35 mm for AP, 1.18 ± 0.37 mm for PP, 2.55 ± 0.92 mm for MT

and 1.98 ± 0.71 mm for RP (Table 2). The lamina propria was signifi-

cantly thicker in MT and RP (Tukey HSD, p < .05) compared to AP and

PP sites, as shown in Table 3. The overall intra-class correlation coeffi-

cient (ICC) for linear measurements was 0.91 (95% CI: 0.842–0.949).

In regard to density, collagen fibres were more loosely arranged in AP

and PP sites with H&E stain, whereas a denser arrangement of colla-

gen fibres was observed in MT and RP sites (Figure S1A1–D1). To fur-

ther explore these findings, PRS was performed to determine the

presence and distribution pattern of COL-I and COL-III. The ICC was

0.88 (95% CI: 0.796–0.932). An overall higher percentage of COL-I

than COL-III (Table 2) was observed in all groups. An additional bar

graph representing the collagen I and III distribution is available as

Figure S2. AP samples had 75.22 ± 5.1% COL-I and 4.2 ± 2.6% COL-

III. PP samples showed 76.1 ± 9.11% COL-I and 6.49 ± 5.97% COL-III.

MT sites showed 80.21 ± 9.26% COL-I and 2.99 ± 1.60% COL-III. RP

sites contained 75.06 ± 5.41% COL-I and 2.1% ± 1.83% COL-III

(Table 2). RP samples had significantly lower amounts of COL-III com-

pared to AP and PP (p < .05), as shown in Table 3. However, based on

a visual analysis and in congruence with the data from H&E stained

samples, the collagen bundles, especially COL-1, appeared to be thick-

est in this group (Figure S1D3). The percentage of COL-1 was also

higher in MT, which also correlates with the denser arrangement of

collagen fibres previously observed on H&E-stained slides from this

group. Remarkably, the staining pattern of COL-1 appeared to be

more homogeneously distributed across the samples from the MT

group compared to the other sites (Figure S1C3). The highest concen-

tration of COL-III was seen in the PP group, which also showed an

apparent predilection of COL-III for the upper portions of the lamina

propria, in close proximity to the surface epithelium (Figure S1B3).

Representative highly magnified histological images of each donor site

are shown in Figure S3. The presence and distribution of blood ves-

sels, nerve fibres and chronic inflammatory infiltrates were within the

normal limits in all groups.

TABLE 1 Demographic and clinical data.

Parameters Anterior palate Posterior palate Maxillary tuberosity Retromolar pad

Number of samples 13 13 12 12

Gender

Males (n, %) 5, 38.5 3, 23.1 6, 50.0 5, 42.7

Females (n, %) 8, 61.5 10, 76.9 6, 50.0 7, 58.3

Age (years) 40.6 46.6 54.5 49.8

Race

African American/Black (n, %) 2, 15.4 1, 7.7 1, 8.3 2, 16.7

Asian (n, %) 1, 7.7 - - 2, 16.7

Caucasian/White (n, %) 10, 76.9 12, 92.3 11, 91.7 8, 66.6

Ethnicity

Hispanic or Latino (n, %) 3 2 2 1

Not Hispanic or Latino (n, %) 10 11 10 11

Diabetics (n) - 1 - 2

HbA1c (mean %) - 5.3 - 6.95

Smokers (n) - - - -

TABLE 2 Vertical linear measurements (average in millimetres ± standard deviation) and collagen I and III proportions (%).

Parameters Anterior palate Posterior palate Maxillary tuberosity Retromolar pad

Epithelial thickness (mm) 0.47 ± 0.06 0.41 ± 0.06 0.45 ± 0.10 0.48 ± 0.15

Lamina propria thickness (mm) 0.92 ± 0.35 1.18 ± 0.37 2.55 ± 0.92 1.98 ± 0.71

COL-I (%) 75.22 ± 5.1 76.1 ± 9.11 80.21 ± 9.26 75.06 ± 5.41

COL-III (%) 4.2 ± 2.6 6.49 ± 5.97 2.99 ± 1.60 2.1 ± 1.83

Abbreviations: COL-I, collagen type I; COL-III, collagen type III.

STUHR ET AL. 1365
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3.4 | Gene expression analyses

The panel included 770 genes associated with 51 pathways and func-

tions. A total of 523 genes were identified in our samples for compar-

ative analyses based on the threshold values (as described in

Section 2.7). Because the palate is the most used donor site, we first

compared PP and AP. Our analysis showed that gene expression pro-

files were not significantly different between AP and PP sites

(Benjamini–Yekutieli adjusted p > .05) (Table S2). However, when AP

and PP sites were compared to other donor sites, gene expression dif-

fered significantly. Differences in major gene functions and interac-

tions between donor sites are presented in Figure 4a, along with gene

Venn diagrams showing the overlap among relevant genes in

Figure 4b,c.

Overall, genes belonging to collagen biosynthesis (COL1A1,

COL3A1, COL6A3, COL16A1, PPARGC1A and THBS2), extracellular

matrix synthesis (ACTA2 and SERPINF1), lipogenesis (ACACA, ELOVL6

and PNPLA3), coagulation (PROS1 and THBS2), focal adhesion signal-

ling (ATP7A and GATA3) and cell signalling (CXCL12, IL1R1, KLRD1,

DUSP8, ERN1, ERO1A, FCER1G and VAMP8) differed significantly

between donor sites (p < .05). RP sites showed the most differentially

abundant genes. Compared to PP sites, MT sites exhibited signifi-

cantly lower expression of the lipogenesis-associated ACACA (Benja-

mini–Yekutieli adjusted p < .05), and RP sites exhibited several

significantly overexpressed and underexpressed genes, with the most

differentially expressed log2 2-fold change related to signalling-

associated genes. A full list of specific p-values for each gene compari-

son is shown in Table S2 and volcano plots in Figure S4.

Data analyses on the final set of nine differentially expressed

genes showed at least a twofold change average, relative to PP, in five

genes related to collagen biosynthesis and cell signalling: COL1A1 (MT

and RP), CXCL12 (MT), ERO1A (RP), GATA3 (RP and MT) and THBS2

(MT, RP and AP). Changes in the fold change are shown in Figure S5.

Raw PCR data for each group are shown in Table S3.

Additionally, relative abundances of genes within each donor site

were calculated. Individual relative abundances of genes within the

group and median abundances per group are shown in Table S4.

Genes contributing to 25% of the total gene expression profiles within

each donor site are also reported. Overall, the top 25% of genes

highly expressed and shared between all groups included FABP5,

RPS27A, VIM and COL3A1 (Figure 4b). Interestingly, COL1A1 and

COL1A2 were not expressed in the top 25% of the AP group in terms

of relative abundance. Additionally, the AP group showed a higher rel-

ative abundance of the angiogenesis-related marker Complement Fac-

tor H (CFH) (0.75% of total gene abundance and ranked 15 out of

760 genes in terms of relative abundance) compared to PP (0.34%,

ranked 52/760), MT (0.38%, ranked 42/760) and RP (ranked 66/760).

S100A4, an indirect participant in angiogenesis, was more abundant in

the MT (0.69%) and RP (0.60%) groups (ranked 14 and 18, out of

760, respectively) compared to the AP (0.52%, 33/760) and PP

(0.48%, 34/760) groups. A gene expression database of relevant

markers referenced in this study is included in Table S5.

TABLE 3 Vertical linear lamina
propria measurements and collagen I/III
inter-group comparisons.

Parameter Donor site 1 Donor site 2 p-Value (Tukey HSD)

LP thickness (mm) PP AP .763

LP thickness (mm) MT AP 1.52E-06*

LP thickness (mm) RP AP .002*

LP thickness (mm) MT PP 7.96E-05*

LP thickness (mm) RP PP .041*

LP thickness (mm) MT RP .211

%COL-1 MT AP .242

%COL-1 MT PP .289

%COL-1 MT RP .281

%COL-1 PP AP .505

%COL-1 RP AP .817

%COL-1 RP PP .451

%COL-3 MT RP .132

%COL-3 PP AP .330

%COL-3 MT AP .568

%COL-3 MT PP .183

%COL-3 RP AP .049*

%COL-3 RP PP .049*

Abbreviations: AP, anterior palate; COL-I, collagen type I; COL-III, collagen type III; HSD, honestly

significant difference; LP, lamina propria; MT, maxillary tuberosity; PP, posterior palate; RP,

retromolar pad.

*p < .05.
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4 | DISCUSSION

Our findings show that structural and genetic differences exist

between different intra-oral donor sites for SCTG, with MT and RP

sites exhibiting, on average, 1.5–2 times greater lamina propria thick-

ness relative to the lateral palate. The thicker lamina propria in MT

and RP sites may yield a thicker and denser SCTG when augmentation

of a larger contour deficiency is required, particularly in situations

when increased keratinized tissue width and mucosal thickness are

desired (Tavelli et al., 2019). Evaluation of the collagen content

showed an overall higher proportion of COL-I compared to COL-III in

all groups. These findings are in accordance with a previous study

F IGURE 4 (a) Illustration showing genes that were statistically significantly overexpresssed or underexpressed in comparative analyses.
Genes closer to the donor site acronym (labelled in blue) were more highly expressed, and genes that are farther away were underexpressed
compared to the opposing donor site. Proximity of the labelled gene to each donor site was based on fold-change differences, that is, the closer
to the site, the higher the fold-change difference. Colour coding is based on major gene functions relative to this study. (b) Gene Venn diagrams
showing the overlap of genes within each inter-group comparison. Each gene displayed here was significantly overexpressed or underexpressed
in a direct gene comparison with the other three groups. (c) Gene Venn diagram based on the relative abundance of the expressed genes in each
group. The top 25% most abundant genes that are distinct in each of the sites are displayed. AP, anterior palate; MT, maxillary tuberosity; PP,
posterior palate; RP, retromolar pad.
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comparing collagen content of the tuberosity to the palate (Dellavia

et al., 2014). In addition, our data identified approximately a fivefold

and threefold increase in the COL1A1 expression in MT and RP areas

compared to the palate, respectively. This increase in COL1A1 gene is

likely related to the observed COL-1 proportions in the histological

assessment.

Several studies have reported excellent dimensional stability and

even a hyperplastic response over time in sites augmented with tuberos-

ity SCTG (Dellavia et al., 2014; Gamborena & Markus, 2014; Gluckman

et al., 2019; Jung et al., 2008). It has been hypothesized that this hyper-

plastic response is related to enzymatic activity of lysyl hydroxylase

(LH) and its role in collagen maturation via post-translational hydroxyl-

ation, specifically its predominant form LH2b, given its overexpression in

fibrotic processes (van der Slot et al., 2004; Walker et al., 2005). In the

tuberosity, it has also been hypothesized that collagen could exhibit a

higher level of cross-linking, leading to less degradation by matrix metal-

loproteinases and lower post-surgical remodelling (Kagan, 1986).

Although our study did not assess LH2b, thrombospondins were evalu-

ated for their role in regulating proteins that work concertedly with LH

in collagen cross-linking. Specifically, THBS2 regulates lysyl oxidase,

which then works in unison with LH in collagen cross-linking. It is

hypothesized that overhydroxylation of these lysyl residues may play

a major role in fibrosis (Kamel et al., 2017). Remarkably, we observed a

7.2-fold change in overexpression of THBS2 in the MT compared to PP.

Critically, LH has been studied as the primary target for GATA3, and we

were able to identify approximately a 12-fold increase in GATA3 in the

tuberosity compared to the palate. Thus, LH-dependent collagen matura-

tion is predominant in MT sites compared to PP sites (Liu et al., 2018).

Furthermore, although GATA3 plays an active role in inflammation, it also

participates in tissue fibrosis. Recent studies have evaluated GATA3's role

as a regulator of macrophage diversification, suggesting that GATA3-pos-

itive macrophages display an M2 polarized phenotype (Yang et al., 2018).

In addition, overexpression of GATA3 has been associated with a fibrotic

phenotype in cardiac tissue.

Limited evidence indicates that biological features of subepithelial

connective tissue (SCT), which appear to be directly related to the ori-

gin of the graft, may influence the outcomes of surgical therapy.

Within our knowledge, this study is the first to explore the biological

underpinnings contributing to phenotypic heterogeneity and different

proliferative properties of SCT of intra-oral origin in four different

donor sites. An increase in the multi-fold expression of COL1A1,

THBS2 and GATA3 in the tuberosity and RP regions may explain the

clinically observed thicker and denser SCTGs compared to the PP. In

addition, tuberosity sites also exhibit a significantly lower expression

of non-collagen-related genes, such as lipogenesis-associated acetyl

Co-A carboxylase alpha (ACACA), potentially contributing to the

observed thicker phenotype (Collins et al., 2011). Along with

lipogenesis-related markers, genes related to angiogenesis (CFH) and

coagulation (PROS1) were more abundant in the AP group compared

to all other groups. CFH is a regulator of the complement system, and

may impact angiogenic pathways (Liu & Hoh, 2017).

Intriguingly, although both the retromolar and tuberosity regions

exhibited denser and thicker SCTGs, our study identified distinct

underlying genetic drivers. For example, only the retromolar site

showed a sevenfold increase in endoplasmic reticulum oxidase 1α

(ERO1A). Loss of function of ERO1A has been shown to interfere with

pro-collagen intracellular maturation and compromised extracellular

matrix (Zito et al., 2012). Therefore, in addition to the LH-dependent

collagen maturation and COL1A1 overexpression, ERO1A may also

contribute to the observed thicker and denser lamina propria pheno-

type in RP sites.

RP also exhibited higher expression of IL1R1 than MT. This may

be attributable to the constitutive immune surveillance phenomenon

involving regulation of the individual's overall immune status, which is

influenced by the inflammatory response to different stimuli and

activity of oral mucosal epithelial cells (Perrier et al., 2002; Smith

et al., 2005). Alternatively, although an attempt was made to harvest

samples away from the mucosal margin, access to the retromolar

region is often challenging, which may have led to unintentional col-

lection of marginal tissue with subclinical inflammation that may

explain the higher expression of IL1R1 in RP samples.

Greater expression of CXCL12 was also observed, most signifi-

cantly in the MT group compared to the PP group. CXCL12 is basally

expressed in both haematopoietic and non-haematopoietic tissue,

including the mucosal epithelium, and has been shown to be up-

regulated in response to tissue damage, chronic immune activation,

pre-malignant lesions and tumour cell metastasis (Wang et al., 2009;

Xia et al., 2012). In these destructive situations, one of CXCL12's

receptors, CXCR4, is typically found to be up-regulated as well. How-

ever, our data did not support up-regulation of CXCR4, suggesting

that the biological activity of CXCL12, although identified because of

lack of the receptor, is probably minimal or null in clinically healthy tis-

sue samples.

This study is not exempt from limitations. Although the SCTS

were not labelled with identifiers during the measurements, one of

the examiners completed the sectioning, so it was not possible to be

truly blinded for the histomorphometric measurements. This was

compensated by the addition of another calibrated, blinded examiner

who was not aware of the SCTS donor site. It should also be consid-

ered that structural and gene expression features of the oral tissues

may be affected by environmental factors such as the patient's diet

and parafunctional habits. Inter- and intra-individual variations in rete

ridges density and depth, collagen fibre organization within the lamina

propria and elastin fibre content have been shown to exist in previous

histological analyses in humans (Ciano & Beatty, 2015; Couso-

Queiruga et al., 2022). Additionally, mapping of these genes within

the lamina propria to assess their distribution in the soft tissues would

add more information to the biological properties based on location.

This knowledge could improve the biological understanding of oral

wound healing and, in extension, the nature of soft tissue attachment

to the dental surface or adhesion to the dental implant transmucosal

components after soft tissue augmentation procedures. These intra-

individual and inter-individual variations should be explored in future

studies, as they could be applicable when developing personalized

treatment plans and subsequent evaluation of long-term outcomes

and graft stability.
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5 | CONCLUSIONS

Oral mucosa samples harvested from various intra-oral locations

(AP, PP, MT and RP) were found to be structurally and genetically dis-

tinct. MT and RP samples exhibited more heterogeneity, whereas AP

and PP samples shared a similar genetic profile. Genes involved in colla-

gen maturation and extracellular matrix regulation were overexpressed

in MT and RP samples, while genes related to lipogenesis were mark-

edly expressed in the palatal region. The biological behaviour and long-

term therapeutic outcomes of soft tissue augmentation procedures

may be influenced by the biological profile of the intra-oral donor site.
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