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Tooth extraction is a routine surgical procedure in dental treatment. As a wound healing process after tooth extrac-
tion, a saddle-shaped residual ridge forms due to bone formation in the extraction socket and localized bone resorp-
tion on the external surface of the jawbone. The residual ridge is subjected to continuous bone resorption with
substantial differences among individuals. In some cases, it results in excessive bone atrophy, which complicates
dental restorative treatment. This unique oral wound healing process may be influenced by factors that are specific
to oral tissue. HIF expression is different in oral wound healing compared to that of skin wounds. The objective
of this study was to examine a genetic association between SNP of the HIF-1o. gene, which is known to have high
genetic diversity, and the residual ridge resorption (RRR). Two hundred and two Korean subjects (70.80+9.40 years)
with partially or completely edentulous mandible were recruited, and edentulous mandibular bone height was mea-
sured following the protocol of the American College of Prosthodontists. The HIF-1a: allele was directly sequenced
in 24 subjects resulting in the variants over 5% frequency in 95% likelihood, whereas tag-SNPs were selected to
perform analysis for the remaining population. Student’s #-test and ANOVA were used for statistical analysis to
examine the association between the SNPs and the RRR. Four novel variants were discovered, and a minor allele
of 1511549467 was associated with the RRR of the subjects (p=0.028). rs11549467 increases HIF-1o transactiv-
ity, enhancing angiogenesis and increasing new vessel formation. Thus, rs11549467 may play an important role in
the disturbed bone remodeling balance resulting in RRR. Results of this study may be useful in developing novel
genetic diagnostic tests and identifying Koreans susceptible to developing excessive jawbone atrophy after dental
extraction. Most importantly, early screening using genetic information will rescue susceptible patients from the

vulnerable situation of excessive jawbone atrophy where no effective prosthetic treatment is available.
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INTRODUCTION

According to Statistics Korea, there were 5,193,000
senior adults aged 65 years and older in 2008, which is
10.7% of the total Korean population. This number is
predicted to be increased to 14.3% in 2018 and 20.8%
in 2026 (1). Data from 2006 implied that 53% of Korean
senior adults aged 65 years and older had discomfort
in masticatory function due to edentulism (2). With the
increasing life expectancy of the elderly population, the
prosthetic treatment of tooth loss, which is common in
old age, has been developed to provide functional sat-
isfaction. A complete denture is often used for treating
edentulous patients, and the maintenance of the residual
ridge after tooth extraction is essential for the successful
outcome of complete denture treatment. The wound heal-
ing process after tooth extraction involves bone formation
inside the socket and bone resorption on the outer surface

of the alveolar bone, consequently forming a saddle-
shaped residual ridge in the edentulous jaw (3,4). In most
cases, the alveolar bone undergoes bone resorption most
rapidly in the first 6 months, and the resorption activity
continues at a slower rate. However, in some cases, active
bone resorption continues after the healing of wounds,
resulting in excessive bone atrophy (5). Previous stud-
ies concerning the resorption of the alveolar ridge have
been mostly focused on a gypsum model or radiological
structural change in the residual alveolar ridge (3). Many
inquiring attempts were made to investigate the patho-
genesis of resorption of the persistent residual alveolar
ridge, but they were not able to show any significant
results. Interestingly, the quantitative comparison of the
persisting alveolar ridge resorption shows huge differ-
ences among individuals under similar circumstances,
suggesting feasible genetic association (6).

Address correspondence to Jae-Hoon Lee, D.D.S., M.S., Ph.D., Department of Prosthodontics, College of Dentistry, Yonsei University, 50 Yonsei-ro,
Seodaemoon-gu, Seoul 120-752, Korea. Tel: +82-2-2228-3159; Fax: +82-2-312-3598; E-mail: jachoon115@yuhs.ac



138

After tooth extraction, bone tissues in the residual
ridge become hypoxic, the most prominent event among
the changes in osseous tissue, by reduced mechanical
loading from the teeth through periodontal ligament.
Hypoxia inducible factor (HIF-1), a transcriptional com-
plex, plays an important role in mammalians’ cellular
and systemic oxygen homeostasis. It is a master regula-
tor of oxygen-regulated gene expression, and 60 HIF-1
target genes are known. HIF-1 effectors are involved in
angiogenesis, vascular tone, epithelial homeostasis, and
extracellular matrix metabolism, which is very criti-
cal for the wound healing process after teeth extraction
(7-9). Unlike skin wounds, an oral wound exhibits a
unique healing process possibly contributed by highly
vascularized oral mucosa. Both oral mucosal and dermal
wounds proceed through hemostasis, inflammation, pro-
liferation, and remodeling of the collagen matrix (7,8),
but wound healing in the oral mucosa is clinically distin-
guished from dermal healing in terms of both its rapidity
and lack of scar formation (9). Recent study on differ-
ent HIF-10 expression in skin and oral wounds suggests
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a significant difference in HIF-low expression in the
wound healing process might be responsible for a dif-
ferent rate of healing in skin and oral mucosal wounds.
The study implies that skin injury induces significantly
higher expression of HIF-1a and its signaling pathway
than does tongue injury, which may partially explain the
more robust angiogenesis seen in skin versus oral mucosal
wounds (10). Hence, this particular phenomenon in oral
mucosa would be responsible for the long-term conse-
quence of wound healing manifesting the residual ridge
resorption (RRR) (Fig. 1).

In this study, we used the marker SNPs of HIF-1a to
perform SNP association analysis in patients who were
edentulous in the posterior area of the mandible for at
least 2 years and had denture treatments after tooth
extraction, and subsequently, we selected a marker SNP
of HIF-1a related to RRR. By using the selected marker
as a gene indicator that predicts residual ridge loss after
tooth extraction, we hope to prevent the vulnerable situa-
tion where no prosthodontic treatment is available due to
severe jaw atrophy.

Figure 1. Formation of epithelium relatively thick with elongated rete pegs after tooth extraction.
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MATERIALS AND METHODS
Ethics Statement

The Institutional Review Board of Yonsei University
College of Dentistry and Kyung Hee University Dental
Hospital (Yonsei IRB No. 2-2010-0022, KHUSD IRB
No. 2011-01) approved all research concerning human
subjects or human data. Clinical investigation was fol-
lowed as stated in the Declaration of Helsinki. Before tak-
ing part in this study, participants were provided with the
agreement form, and then written consent was obtained.

Study Population

The study population consisted of 202 unrelated
Korean individuals, 81 men and 121 women, who were
recruited between January 2011 and February 2013
from Yonsei University Dental Hospital and Kyung Hee
University Dental Hospital. Subjects, 70-80, were either
partially or completely edentulous for at least 2 years,
and an oral examination was performed to confirm the
condition of subjects. Subjects should not have known
systemic conditions that could affect bone conditions and
history of bone transplantation.

Measurement of Mandibular Residual Ridge Height

Mandibular residual ridge height was measured simi-
lar to that reported by a previous study (11). The lowest
height of the edentulous mandible was measured follow-
ing the protocol of the American College of Prosthodontics
(ACP) (12) (Fig. 2).

Genomic DNA Extraction

A 2-ml saliva sample from each subject was collected
using an OG-500 tube that had 2 ml of DNA-preserving
solution (Cat. #0G-500; DNA Genotek, Ottawa, Ontario,
Canada). After collection of saliva, the lid part of the
OG-500 tube was closed to mix the saliva sample with
the DNA-preserving solution. A total volume of 4 ml
sample was stored at 25°C until further analysis. DNA
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extractions and further analysis were performed by DNA
Link Inc., Seoul, South Korea.

DNA Direct Sequencing

It has been suggested that 24 DNA samples should be
used to evaluate SNP association with a frequency above
the 5% o level in 95% likelihood (13). From the DNA
of the first 24 patients, HIF-1o. was divided into 15 frag-
ments, and each fragment was amplified by polymerase
chain reaction. A final volume of 10 ul consisted of 10 ng
of DNA, 0.5 uM of each primer pair, 0.25 mM dNTPs,
3 mM MgCl,, 1 ul 1x reaction buffer, and 0.25 U Taq
DNA polymerase (Intron Biotechnology, Seongnam-Si,
Gyeonggi-do, Korea). The PCR conditions used were as
follows: initial denaturation at 94°C for 5 min, followed
by 35 cycles of denaturation at 94°C for 30 s, annealing
at 60—65°C for 30 s, initial extension at 72°C for 30-60 s,
and final extension at 72°C for 10 min. For the remain-
ing steps, we followed the methods used in our previous
study (11).

SNP Genotyping-SNaPshot Assay/Direct Sequencing

The Tagger function within HaploView was used to
assign tag SNPs. From the whole gene sequencing, a total
of six tag SNPs were selected (ss526883730, rs11549465,
rs11549467, rs4902080, rs2057482, ss526883733). All of
the tag SNPs were genotyped similar to methods used in
our previous study (11).

Statistical Analysis

Data analysis was completed using the statistics soft-
ware SAS 9.1.3 (SAS Institute Inc., Cary, NC, USA) and
R, an open source programming language. The Hardy—
Weinberg equilibrium (HWE) test was used to ensure
the quality of genotyping. Pairwise linkage disequilib-
rium was estimated by calculating D’ and 7? using the
HaploView program. Owing to a small sample size, D’
and r* were calculated for SNPs with MAF >0.1%. Values
of p<0.05 were considered statistically significant.

Figure 2. Characterization of mandibular ridge. The lowest residual height (arrow) of the edentulous mandible was determined by
panoramic dental radiographs. The figure on the right shows severe atrophy of the edentulous mandible.
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The association of SNPs with the mandibular jawbone
atrophy was evaluated using Student’s #-test for dominant
and recessive groups and ANOVA for the codominant
group (11). Moreover, statistical analysis was performed
to find the relationship between the ages, the time since
tooth extraction of the patients, and the height of man-
dible. Linear regression was used to verify the indepen-
dence among the three factors.

RESULTS
Mandibular Residual Ridge Characterization

The total study population consisted of 121 females
and 81 males with average age of 70.80+9.40 years.
Panoramic dental radiographs were provided from all
subjects, using which the bone height of the lowest verti-
cal height of the edentulous mandible was measured fol-
lowing the protocol of the ACP (12) (Fig. 2). The mean
of mandibular bone height was 15.17 (n=202) and varied
from 8.52 mm to 35.08 mm (Fig. 3).

Polymorphism Discovery and Taq-SNP Selection

A total of nine variants were identified via direct
sequencing on a Korean population (n=24). Out of nine
variants, four were found to be novel: two in the promoter
region ($s526883730, s$s526883723), one in intron 9
(s8526883728), and one in exon 9 (ss526883733) (Table 1).
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Among the variants that were discovered, six SNPs with
MAF>5% (ss526883730, rs11549465, 1511549467,
rs4902080, rs10147275, rs2057482) were selected for
constructing the haplotype and linkage disequilibrium
block. For HIF-1a, two different types of haplotype
blocks were constructed using the HaploView program
version 4.2 (www.broadinstitute.org/haploview/haplo-
view). Haplotype 1 was constructed by six HIF-1o. SNPs
(rs138141447-rs142179458-1s11549465-1511549467—
1s4902080-152057482), and haplotype 2 was constructed
by 2 HIF-1a SNPs (rs4902080-1s2057483) (Fig. 3). No
statistical significance was shown from either type 1 or 2
haplotype with RRR (Tables 2 and 3). By pairwise tagging,
five tag SNPs from six common variants in the HIF-1o
gene (s8526883730, rs11549465, rs11549467, rs4902080,
15s2057482) were chosen to capture the common variations
within this gene (#2>0.80). To our analysis, an additional
SNP (MAF>1%) in exon 9 (ss526883733) was selected
as a tag SNP because it is a novel nonsynonymous variant
that substitutes G to A resulting in ***Asp to Asn. Therefore,
a total of six tag SNPs (55526883730, rs11549465,
1s11549467, rs4902080, rs2057482, ss526883733) were
selected for genotyping and further analysis. The geno-
type frequency and heterozygosity of each of the six SNPs
studied are shown in Table 4. Genotype distributions of all
SNPs were in HWE.
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Figure 3. Haplo-block of six tag SNPs B. Mandibular residual ridge height and SNP rs11549467 (p <0.05).
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Table 1. Genetic Variants Discovered in HIF-10. Gene by Direct Sequencing (n=24)
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Region rs Number SNP name Position Variation Allele frequency HWE
Promoter 85526883730 —1779A/—%* chr14:62160744 A/—(del) A:—=0.833:0.167 1
Promoter 85526883723 -578C/T chr14:62161945 C/IT C:T=0.979:0.021 1
Exon9 85526883733 D349N* chr14:62203623 G/A G:A=0.979:0.021 1
Intron9 88526883728 IVS9+84G/A chr14:62203911 G/A G:A=0.979:0.021 1
Exonl2 rs11549465 P582S* chr14:62207557 C/IT C:T=0.896:0.104 0.4113
Exonl2 rs11549467 T588A% chr14:62207575 A/G G:A=0.917:0.083 |
Intron12 rs4902080 IVS12+99C/T* chr14:62208005 C/T C:T=0.875:0.125 0.5961
Intron14 rs10147275 IVS14-99G/T chr14:62213553 G/T G:T=0.771:0.229 0.6587
3’UTR rs2057482 2526C/T* chr14:62213848 C/IT C:T=0.771:0.229 0.6587

*Selected tag SNPs.

Association of HIF-1o. SNPs and Residual
Ridge Resorption

Association of HIF-1oo SNPs and RRR in total sub-
jects is listed in Table 5. The results from the statistical
analysis of tag SNPs showed that rs11549467 was associ-
ated with the risk of RRR in dominant and codominant
models (p=0.028) (Fig. 3). Results from linear regression
showed that age, length of year after tooth extraction, and
the height of mandible are independent (p=0.785).

DISCUSSION

Although genetic information and its usage have been
an important part of health care for many years, it has
not been a common factor in dentistry. In fact, dentists
rarely get genetic training to diagnose patients in advance
of actual dental treatment. Currently, PerioPredict from
Interluekin Genetics, Inc., leads genetic testing in the
dental industry, detecting susceptibility to periodontitis
and tooth loss in patients for both research and medical
purposes. PerioPredict was based on the study that the
University of Michigan carried out to explore tooth loss

Table 2. Frequencies of HIF-1o. Haplotype 1

Haplotype Frequency
A-G-C-G-C-C 0.71484
--G-C-G-T-T 0.11758
A-G-T-G-C-T 0.05328
A-G-C-A-C-C 0.03223
--G-C-G-C-C 0.03017
A-G-C-G-T-T 0.02524
A-G-C-A-T-C 0.00870
A-A-C-G-C-C 0.00401
--G-T-G-C-T 0.00382
--A-C-G-C-C 0.00353
A-G-C-G-C-T 0.00253
A-G-C-A-T-T 0.00181
--G-C-A-C-C 0.00124
--G-C-A-T-T 0.00090
A-G-T-A-C-T 0.00011

outcomes based on the frequency of preventive periodon-
tal care and the role of three primary risk factors: smok-
ing, diabetes, and personal genetics. The findings from
this study suggested patients with more risk factors were
susceptible to periodontitis, and the most prevalent risk
factor was genetic status (14). Health care costs in many
countries appear unsustainable (15), and a substantial
proportion of those costs may arise from missed chances
to prevent chronic disease, such as peri-implantitis and
tooth loss in dentistry (16). Hence, patient stratification
through genetics would be essential in saving medical
costs in the near future. For example, employers in the US
would be able to save 4-6% for better dental care through
patient stratification methods, such as PerioPredict from
Interluekin Genetics, Inc. (17).

In prosthetic treatment, preservation of the residual
ridge is essential for a successful outcome. Edentulous
patients with severe RRR might suffer from poorly fit-
ting, loose dentures and even implant failure in severe
cases (18,19). If complications are repeated, edentulous
patients would face a situation of excessive jawbone atro-
phy with no other treatment option in the end. Therefore,
a genetic screening process before prosthetic treatment
is imperative in dentistry. To find more genetic variants
that might be associated with the residual resorption of
the mandible in the Korean population, more subjects were
recruited and added to the study population of the pre-
vious study for the current study. Many patients regis-
tered to the School of Dentistry at Yonsei University and
Kyung-Hee University had already given out samples,
and hence recruiting more subjects with age and dental

Table 3. Frequencies of HIF-1o. Haplotype 2

Haplotype Frequency
C-C 0.78501
T-T 0.14611
C-T 0.06076
T-C 0.00812
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Table 4. Frequencies of HIF-1o. Polymorphisms in 202 Koreans

PAEK ET AL.

AA SNP

Position Region Change Number Genotype Frequency  Heterozygosity HWE

chr14:62160744  Promoter - $s526883730 AA  A- - N 0.1571 0.243 1
135 52 4 191

chr14:62203623 Exon9 D349N 5526883733 GG GA AA N 0.0076 0.020 |
195 3 0 198

chr14:62207557 Exonl2 P582S rs11549465 cC Cr TT N 0.0575 0.101 0.1254
179 19 2 200

chr14:62207575 Exonl2 T588A rs11549467 GG GA AA N 0.0450 0.114 1
182 18 0 200

chr14:62208005  Intronl2 - rs4902080 cC Cr TT N 0.1542 0.227 1
143 54 4 201

chr14:62213848 3UTR - rs2057482 cC Cr 1T N 0.2060 0.311 0.665
124 68 7 199

condition criteria was one of the challenging factors in
this study. Active recruitment and effort accomplished
more than 200 subjects.

After tooth extraction, bone tissues in the residual ridge
become hypoxic by reduced mechanical loading, which
is delivered by periodontal ligament. Bone tissues in the
residual ridge face a new situation that requires glycolytic
ATP generation due to hypoxia, which is very expensive
from an energetic viewpoint. Therefore, new blood ves-
sel formation is inevitable to increase oxygen delivery to
the bone tissue. HIF is the fundamental hypoxia-response
protein, and over 70 genes have been identified to be
HIF dependent. Also, disuse atrophy is observed when
normally developed bone decreases in size as a result of
reduced mechanical load (20). The load is diminished
dramatically as a consequence of dental extraction, and
therefore it is thought that the continuing pattern of alveo-
lar bone resorption is related to this change. The reduced
partial pressure of oxygen is the most prominent event
among the changes in osseous tissue from the reduced
mechanical load. It has been reported that osteocytes act
as a mediator that responds to the mechanical stimulus in
tissue and signal other regulatory factors depending on the
physical changes in the external environment (20,21). The
loss of mechanical loading, or disuse, rapidly precipitates

locally mediated bone resorption. The increase in bone
resorption, followed by an increased number of osteocytes
in accordance with the oxygen level, may be correlated
with the effect of HIF-1, a master regulator of oxygen-
regulated gene expression. HIF-1 is known to have a high
genetic diversity due to genetic variation. Therefore, we
hypothesize that genetic variation of HIF-1 will result in
individual differences in bone resorption in the mandible.
Current study results from the statistical analysis of tag
SNPs in the Korean population showed that rs11549467
was associated with the risk of RRR in dominant and
codominant models (p=0.028). A588T (rs11549467) is
one of the two common missense mutations encoding
threonine with P582S (rs11549465), which are both related
to increased transactivation capacity of HIF-1o. The tar-
get genes of HIF-1 encode angiogenesis, erythropoiesis,
energy metabolism, vasomotor function, and apoptotic/
proliferative responses of cells, which are relevant to patho-
genesis of cancer. The variant forms increase numbers of
microvessels compared with homozygous alleles and may
be associated with increased expression levels of HIF-
lo-regulated genes, which enhance angiogenesis (22).
Several studies showed association between HIF-1o
and the wound healing process in various conditions. In
wound healing, phagocytosis of apoptotic neutrophils by

Table 5. Association of HIF-10. Polymorphisms in 202 Koreans

SNP Additive Dominant Recessive
Number p Value p Value p Value

chr14:62160744 $$526883730 0.840 0.640 0.647
chr14:62203623 $$526883733 0.847 0.847 -

chr14:62207557 rs11549465 0.281 0.153 0.800
chr14:62207575 rs11549467 0.028* 0.028* -

chr14:62208005 rs4902080 0.822 0.554 0.740
chr14:62213848 rs2057482 0.902 0.650 0.914

#p<0.05.
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macrophages is an important event in the release of solu-
ble factors including TGF-B1, which plays a major role in
regulating formation and remodeling of granulation tis-
sue. Overall, the effects of hypoxia on macrophages are
likely to be important in accelerating wound healing (23).
As hypoxia in the early wounds increases, macrophage-
derived factors are likely to be increased and provide
additional stimuli for attracting macrophages and mes-
enchymal cells such as fibroblasts and endothelial cells.
Described hypoxia-induced macrophage-derived soluble
factors include TGF-o, TGF-B1, VEGF, FGF, PDGF,
TNF-a, IL-1, and IL-8 (24-28). This mixture of growth
factors and cytokines can have an additive effect on
early wound healing events such as reepithelialization
and granulation tissue formation. Oral wounds and skin
wounds differ in the short-term period of the wound heal-
ing process due to different levels of hypoxia experienced
in both types of wounds leading to different expression
of HIF-1o.. Hence, we focused on HIF-1o and its SNP
associated with residual ridge height in this study.
Wound healing after tooth extraction further leads to
RRR at a different rate among individuals. A critical stimu-
lus for normal wound healing is relative hypoxia (29),
and an impaired reaction to hypoxia could contribute to
impaired wound healing as well. Under hypoxic condi-
tions, HIF-1a is stabilized against degradation and trans-
activates and upregulates a series of genes that enable cells
to adapt to reduced oxygen availability (30). After tooth
extraction, an oral wound experiences a hypoxic condition,
and hypoxic tissue appears as acidic due to the increase
of anaerobic metabolism and reduced vascular perfusion.
A small pH reduction simulates the resorptive activity of
osteoclasts, and bone remodeling occurs in oral wounds.
Chen et al. examined levels of hypoxia and HIF-1a in
mucosal and skin wounds and looked at how HIF-1a is
regulated under conditions of stress and demonstrated that
skin wounds, but not mucosal wounds, exhibit a marked
elevation of HIF-1a (10). It has been repeatedly reported
that skin wounds express higher HIF-1o.and VEGF expres-
sion compared to that of oral wounds despite accelerated
epithelial closure (10,31,32). According to these studies,
healing rate decreases when HIF-10. expression increases.
Many other factors influencing RRR were investigated
to interpret our result. While the depth of the extraction
sockets and the original size of the mandible are known to
influence resorption, it has been shown that neither factor
is associated with the amount of subsequent resorption in
longitudinal studies. The preextraction bony support of
the teeth and the amount of subsequent bone loss showed
no association (33). The development of periodontal dis-
ease is in close relationship with the microbial and host
interactions. Junctional epithelium is the linkage of the
gingiva and the teeth. It is highly permeable and func-
tions as a pathway that disappears upon tooth removal (5).
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Studies have suggested that denture wears are both the
cause (33) and the means to prevent RRR. However, bone
loss is observed whether dentures are implemented or not
(34). It has been cited that the rate of bone loss reduction
over time is due to the resorption of ridge, which occurs
by losing contact with the base of the denture.

CONCLUSION

Patient stratification is necessary in decreasing the
medical costs in the dentistry field as well as in providing
appropriate medical treatment to patients. Results of this
study may be useful in developing novel genetic diagnos-
tic tests and identifying Koreans susceptible to developing
excessive jawbone atrophy after dental extraction, which
will eventually help in decreasing medical costs. Screening
through the genetic method will prevent susceptible
patients from getting unnecessary treatment, which can
lead patients with no other effective prosthetic treatment.

The data of this study are retrospective. Therefore,
the result of the genetic association should be repeat-
edly proven prospectively through an independent cohort
group to be used in clinical studies and to be confirmed.
When predicting the prognosis of the alveolar ridge after
extracting the teeth, rs11549467 may be used as marker
SNPs to set a treatment plan accordingly so that medical
expenses can be reduced.
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