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Abstract

Aim: To evaluate human and herpesvirus-encoded microRNA (miRNA) expression in healthy and 

diseased gingiva of obese and non-obese subjects and compare the impact of localized and 

systemic inflammation on human miRNA profiles.

Material and methods: Healthy and inflamed gingival biopsies were collected from obese and 

non-obese subjects. Human and herpesvirus miRNA expression was quantified using quantitative 

PCR. Predicted targets of dysregulated miRNAs were identified using bioinformatics analysis, 

validated by dual luciferase assays and their expression assessed in healthy and diseased tissues.

Results: Our results show differential expression of miRNAs in both diseased groups compared 

to healthy counterparts. MMP-16 is identified as a novel target of miRNAs altered in disease. 

Expression analysis of genes predicted as target of differentially expressed miRNAs show 

significant changes in disease compared with healthy tissues. Finally, quantitation of four 

herpesvirus derived viral miRNAs show that expression and prevalence of herpesvirus miRNAs in 

diseased gingiva of obese subjects.

Conclusion: Our findings show that miRNA (both cellular and virus) expression are 

differentially responsive to local and systemic inflammation. Some of these miRNAs can modulate 

key cellular genes with direct consequences on inflammatory pathways suggesting their impact on 

oral tissue transcriptome and functions.
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Introduction

Periodontal diseases are a group of infectious, inflammatory disorders affecting the 

supporting tissues of teeth. The primary etiological agents are microbial in nature, 

predominantly bacterial, which form a plaque biofilm. Here an exuberant host response 

results in destruction of periodontal tissues and can culminate in tooth loss. Genetic, 

behavioral, and environmental risk factors including heredity, smoking, stress, and obesity 

have been associated with onset, progression, and severity of disease (Loos et al., 2015; 

Nociti et al., 2015; Newton & Asimakopoulou, 2015). However, the underlying mechanisms 

associated with periodontal pathology are not completely understood.

Obesity is a chronic inflammatory condition with worldwide prevalence, and numerous 

studies have described the impact of obesity in the pathophysiology of periodontal disease. 

Studies have reported that obesity is associated with greater prevalence and severity of 

disease (Gorman et al., 2012; Gorman et al., 2012; Linden et al., 2007; Jimenez et al., 2012) 

while, mechanistic studies have revealed that macrophages exposed to a hyperlipidemic 

environment display altered functional capacity including reduced infiltration, activation and 

phagocytic capacity (Huang et al., 2016), defective oxidative burst (Lee et al., 1999; 

Mancuso et al., 2002) and decreased macrophage cytokine production (Chu et al., 1999; 

Doxey et al., 1998).

Our understanding of the cellular and molecular mechanisms associated with periodontal 

disease has significantly improved over the last several decades. In particular, recent studies 

highlight the important role of non-coding RNA, particularly microRNA (miRNA) on 

modulation of gene expression and its functional impact on immunity (Lee et al., 2016; Jia 

et al., 2014; Naqvi et al., 2016; Luan et al., 2018), inflammation (Lee et al., 2016; Alexander 

& O’Connell, 2015; Naqvi et al., 2015; Naqvi et al., 2016), and osteoclastogenesis (Ji et al., 

2016; Tang et al., 2014; Fordham et al., 2016), key aspects of periodontal pathology. We and 

others have reported miRNA profiles in gingival biopsies of healthy and diseased 

periodontal tissues (Motedayyen et al., 2016; Kalea et al., 2015; Ogata et al., 2014; 

Stoecklin-Wasmer et al., 2012; Perri et al., 2012; Lee et al., 2011) and response of cells to 

lipopolysaccharide (LPS) from periodontal pathogens (Huck et al., 2017; Chen et al., 2016; 

Fordham et al., 2015; Naqvi et al., 2014). Together, these in-vivo and in-vitro studies have 

confirmed divergent miRNA profiles under inflamed conditions and that altered expression 

of miRNA can have functional consequences by direct regulation of genes involved in key 

pathways.

In addition to dysregulation of miRNA profiles, we and others have reported that systemic 

conditions such as obesity can further dysregulate miRNA profiles in human gingiva (Kalea 

et al., 2015; Perri et al., 2012). These studies highlight the impact of obesity on gene 

regulation in periodontal tissues. However, as miRNA can modulate both immune and 

inflammatory gene targets, characterizing the effects of chronic periodontal inflammation in 

the context of obesity is necessary to fully comprehend how systemic conditions contribute 

to periodontal pathology. Here we examined the miRNA profiles and four previously 

reported herpesvirus-encoded miRNAs in healthy and diseased gingiva of obese and non-
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obese subjects. We validated two novel target genes of differentially expressed miRNAs and 

note that genes and miRNAs exhibited antagonistic expression.

Materials and Methods

Study population and sample collection

This study was approved by the Ethics Committee at the University Autónoma de Nuevo 

León Facultad de Odontología and The University of Illinois at Chicago, College of 

Dentistry. Subjects presenting to the Postgraduate Periodontics Clinic at the Dental School 

of the Universidad Autonóma de Nuevo León were recruited for this study. Obese and non-

obese subjects with healthy and diseased periodontium (total four study groups) were 

recruited for this based on BMI (non-obese BMI < 30 kg/m2 and obese BMI > 30 kg/m2) 

and the presence or absence of chronic periodontitis as previously described (Perri et al., 

2012). Subjects with chronic periodontal disease displayed probing depth ≥ 6mm with 

bleeding on probing and radiographic evidence of bone loss. Health periodontal patients 

displayed probing depths ≤ 3mm, with no bleeding on probing and no radiographic evidence 

of bone loss. Inclusion criteria included male and female patients ages 18 to 65 years and in 

good systemic health. Exclusion criteria included chronic disease (diabetes, hepatitis, renal 

failure, clotting disorders, HIV, etc), antibiotic therapy for any medical or dental condition 

within a month before screening, and subjects taking medications known to affect 

periodontal status (e.g. phenytoin, calcium channel blockers, cyclosporine). For 

periodontally healthy (obese/non-obese) subjects (N=14/group), a single gingival biopsy 

sample (including gingival epithelium, col area, and underlying connective tissue) was 

collected at the time of crown-lengthening procedures. The biopsy sample was harvested 

using intrasulcular and inverse bevel incisions approximately 2 mm from the free gingival 

margin at the crest of the interproximal papillae extending horizontally capturing the 

interproximal col area and immediately placed in RNAlater (Qiagen, Gaithersburg, MD, 

USA) and stored at −80°C. For subjects (obese/non-obese) with chronic periodontitis 

(N=14/group), a similar gingival biopsy sample was collected at the time of periodontal flap 

surgery.

Tissue lysis and RNA preparation

Samples were thawed on ice and tissue lysis was performed as described previously (Perri et 

al. 2012). Total RNA (including miRNAs) was isolated using the miRNeasy kit (Qiagen) 

according to manufacturer’s instructions.

Reverse transcription and real-time PCR

One microgram of total RNA from each sample was reverse transcribed to cDNA (20μl 

reaction) using miScript II RT Kit (Qiagen) as per manufacturer’s instructions. MiRNA PCR 

array data was analyzed using Qiagen GeneGlobe Data Analysis Center (https://

www.qiagen.com/us/shop/genes-and-pathways/data-analysis-center-overview-page/). 

Expression levels of miRNAs across the different groups were normalized with respect to at 

least three most consistently expressed endogenous controls in all samples. Next, the fold 

change was calculated with respect to the healthy control. miRNAs identified as 

significantly altered by software analysis were included as differentially expressed miRNAs. 
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miR-24 and miR-27a level was validated in a separate cohort of N=10/group using similar 

conditions. Expression of mRNAs (N=10/group) was analyzed as described above using 

gene specific primers. Four herpesviral miRNAs (miR-H1, miR-US4, miR-K12-3 and miR-

UL70-3p) were quantified in the same cohort. RNU6 and GAPDH served as miRNA and 

mRNA normalization controls.

miRNA targeted pathway and gene prediction analysis

MiRNA targeted pathways were predicted using DIANA-miRPath (http://diana.imis.athena-

innovation.gr/DianaTools/index.php?r=mirpath/index). We selected DIANA-microT-CDS 

algorithm that included predicted miRNA targets. To identify the potential miR-24 and 

miR-27a binding sites, miRwalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) 

prediction tool was used. We selected 10 different algorithms tools to identify potential 

targets.

Cell culture and transient miRNA transfections

MiR-24, miR-26a, miR-27a, miR-30b or control mimics were purchased (Qiagen) and 

transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) in 

HEK293 and human oral keratinocytes as previously described (Naqvi et al., 2018).

Luciferase reporter constructs and dual luciferase reporter assays

Cloning of the predicted gene 3′UTRs and dual luciferase assays was performed as 

previously described (Naqvi et al., 2015). Target gene region was cloned in psiCHECK2 

vector using specific set of primers (MMP-16 Forward: 

GCACTCGAGTGACCTTTCAAACCCAGAGG and MMP-16 Reverse: 

ATGCGGCCGCTTCAGTTTGTGCCAGTTTGC and MAPK1 Forward: 

GCACTCGAGCGGAAAACAGACCCACATCT and MAPK1 Reverse: 

ATGCGGCCGCAGGAACAGCTCACAGCCCTA).

Statistical Analysis

Data were analyzed on GraphPad Prism (GraphPad Software, La Jolla, USA). Results are 

represented as standard deviation or ±SEM from three independent replicates and 

experiments were conducted at least thrice. P-values were calculated using Students t-test 

and p < 0.05 were considered significant.

Results

Altered miRNA profiles in health and diseased gingiva

Because we were interested in comparing the effects of systemic inflammation on 

periodontal health, we collected gingival biopsies from periodontally healthy and diseased 

obese human subjects. For each group, six subjects were recruited into the study. Age and 

gender distribution was assessed by Mann-Whitney U test and McNemar χ2 test in healthy 

and disease groups, respectively. No difference were noted in age (p=0.42) or sex (p=0.55) 

distribution between the obese and non-obese groups (see Supplemental Material Table S1).
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Comparison of obese subjects with healthy and diseased gingival tissues identified thirty-

nine upregulated and two downregulated miRNAs (p<0.05). The fold change for upregulated 

miRNAs was set at ≥1.6 and for downregulated was ≤0.52. MiR-21-5p, let-7f-5p, 

miR-29b/c, miR-24-3p, miR-27a-3p were among the upregulated miRNAs, while 

miR-423-5p and miR-196b-5p showed reduced expression levels. The list of differentially 

expressed miRNAs is provided in Table 1.

Comparison of miRNA expression in healthy and diseased gingival tissue in non-obese 

subjects showed one upregulated (miR-150-5p) and twenty downregulated (e.g., 

miR-26b-3p, miR-27b-3p, miR-185-5p) miRNAs with similar cut-off for fold-change and p-

value (Table 2). We noticed 16 dysregulated miRNAs that were common to obese and non-

obese datasets. However, all displayed antagonistic fold change expression compared to their 

corresponding controls.

We analyzed the differences in miRNA expression between obese and non-obese, 

periodontitis and healthy subjects. Several miRNAs exhibited significant differences in both 

analysis (Supplemental Material Table S2 and S3). Compared to non-obese periodontitis 

subjects, sixteen upregulated miRNAs were identified in obese periodontitis subjects 

(Supplemental Material Table S2). Similarly, comparison of miRNA profiles in obese and 

non-obese healthy subjects showed one upregulated and twenty-three downregulated 

miRNAs (Supplemental Material Table S3).

The expression of miR-24 and miR-27a were further validated in a separate cohort of 

periodontally healthy and diseased obese and non-obese subjects (N=10/group). In obese 

subjects, higher expression of miR-24 (~4 fold; p<0.0001) and miR-27a (~10 fold; 

p<0.0001) was observed in inflamed gingiva compared to healthy gingiva (Figure 1A and 

B). Conversely, downregulation of both miR-24 (~1.6 fold; p<0.0001) and miR-27a (~2.5 

fold; p<0.0001) expression was observed in gingiva from non-obese subjects with 

periodontal inflammation compared to healthy gingiva (Figure 1A and B). These results 

corroborate with the PCR array data and further indicate that miRNA profiles in obese and 

non-obese healthy and inflamed gingiva are markedly distinct.

Global pathway analysis of altered miRNAs

To evaluate the biological impact of altered miRNA levels on the pathogenesis of disease, 

differentially expressed miRNAs from each dataset were subjected to pathway analysis. 

Table 3 shows a list of selected common and unique relevant biological pathways with 

significant FDR corrected p-values (<0.01) for the differentially expressed miRNAs from 

obese and non-obese datasets. Several pathways related to cytokine and transcription factor 

(TNF, TGF-β, p53) signaling, PI3K-Akt signaling, apoptosis, adhesion and junction 

molecules, ECM-receptor interaction, various cancer associated pathways were commonly 

identified in both datasets. This correlates with the common set of miRNAs dysregulated in 

both non-obese and obese periodontal tissues (Table 3).

We also noted pathways unique to miRNAs identified in obese and non-obese periodontitis 

subjects (Table 3 and Supplemental Material Table S4). Among the 77 different pathways 

identified in obese periodontitis dataset, eleven pathways were unique. Intriguingly, many of 
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these pathways were related to lipid biosynthesis or metabolism. These included 

biosynthesis of steroid, unsaturated fatty acids, and fatty acid degradation pathways. 

Similarly, the non-obese dataset shows 12 unique pathways which were mostly related to 

bacterial (amoebiasis, H. pylori) and viral (EBV, HCV infection) infection, pathogen 

clearance (Fc gamma R-mediated phagocytosis, regulation of actin cytoskeleton) or 

signaling (MAPK and AMPK signaling).

Expression profiles of predicted targets of dysregulated miRNAs

We focused on genes with functions related to inflammation and wound repair related 

pathways, key elements of periodontal pathogenesis. With these criteria, matrix 

metalloproteinase 16 (MMP-16) and mitogen-activated protein kinase 1 (MAPK1; also 

known as ERK2) were selected as target genes. The 3′UTR of MMP-16 displays predicted 

sites for miR-24, miR-26a and miR-27a, while MAPK1 harbors complementary sites for 

miR-27a and miR-30b. The expression of these miRNAs was increased in gingival biopsies 

derived from obese, periodontally diseased subjects while expression in non-obese 

periodontitis subjects was downregulated (see Table 1 and 2). Expression of both MAPK1 

and MMP-16, predicted targets of miR-24 and miR-27 (induced in obese periodontitis), 

were downregulated in obese periodontitis subjects compared to healthy counterparts 

(Figure 1C, D and Table 1). In non-obese subjects, increased levels of MAPK1 and MMP-16 

expression was noted in diseased gingiva that corroborated with reduced levels of miR-27a 

and miR-24 in the same tissues (Figure 1 C, D and Table 2).

miR-24 and miR-27a directly target MMP-16

To validate the antagonistic expression of miRNAs and MAPK1 and MMP-16, we cloned 

the 3′UTR of MMP-16 and MAPK1 encompassing the miRNA binding sites. Figure 2 (A, 

D) shows sequence alignment of miRNA and the target genes. MMP-16 harbors binding 

sites for three differentially expressed miRNAs viz., miR-24, miR-26a and miR-27a (Figure 

2A), while MAPK1 harbors a predicted binding site for miR-27a and miR-30b (Figure 2D). 

Because the MAPK1 3′UTR was comparatively long (~4.6 kb), we only cloned ~1950 nts 

which encompasses miR-27a and miR-30b binding sites (Figure 2D). Using dual luciferase 

assays, we screened the functional miRNA and target gene interaction in HEK293 cells. Our 

results show that miR-24 downregulates reporter (renilla luciferase) gene activity compared 

to control mimic or empty vector transfected with miR-24 (Figure 2B). This miRNA-target 

interaction was confirmed in a second cell line viz., HeLa (Figure 2B). We also screened 

miR-26a and miR-27a interaction with MMP-16 in HEK293 cells and observed that 

miR-27a, but not miR-26a downregulated renilla activity compared to control mimic (Figure 

2C).

MAPK1 and its predicted interacting miRNAs, miR-27a and miR-30b were also screened by 

dual luciferase assays (Figure 2D). Compared with control mimic, cells transfected with 

miR-27a but not miR-30b, showed significantly reduced renilla activity confirming MAPK1 

as a novel target of miR-27a (Figure 2E). Additionally, HGEC were transfected with 

miR-24, miR-26a, miR-27a or control mimic and expression of MMP-16 and MAPK1 

transcripts was evaluated. Compared to control, significantly reduced expression of MMP-16 

mRNA was observed in miR-24 but not miR-27a or miR-26a transfected cells, while 
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expression of MAPK1 was significant downregulated by miR-24 and miR-26a (Figure 2F 

and G).

Herpesvirus miRNAs detected in diseased periodontal tissues

To test whether local inflammation may influence v-miR expression, we examined 

expression of four previously identified v-miRs. Our results show that miR-H1 was detected 

in all obese periodontitis biopsies, while this miRNA was not detected in any of the tissue 

samples derived from obese, but periodontally healthy individuals (Figure 3A). For miR-

US4, diseased tissue biopsies derived from obese patients showed higher prevalence and 

expression (~9 fold high) compared to respective obese, periodontally healthy subjects 

(Figure 3B and D). Similarly, miR-K12–3 was more prevalent and showed higher expression 

(~3.3 fold) in periodontally diseased, compared to healthy tissue samples (Figure 3C and E) 

from obese subjects. Expression of miR-UL70–3p was below detection limit (Ct values >36, 

data not shown).

Discussion

In this study, we show that miRNA profiles display convergent and divergent expression 

pattern in gingival biopsy samples derived from obese and non-obese periodontitis subjects. 

This is consistent with previous reports on independent and geographically distinct cohorts 

(Kalea et al., 2015; Ogata et al., 2014; Perri, et al., 2012). Besides various internal and 

external stimuli, miRNA is also responsive to periodontal pathogen-derived immunogenic 

components that trigger transcriptome changes in miRNA expression. We noted miRNAs 

that were common to previous studies. Three miRNAs (miR-15a, miR-30 family members 

and miR-142-3p) upregulated in our obese periodontitis data were also reported by Perri et 

al., (2012). Similarly, miR-150 (upregulated), miR-26a-5p and let-7 family members 

(downregulated) identified in our non-obese periodontitis data were common to Ogata et al., 

(2014). However, no overlap in altered miRNAs was observed between our dataset and 

Kalea et al., (2015). Multiple factors including ethnicity, extent of periodontal disease 

severity, and miRNA detection platforms can contribute to variations across different 

cohorts. Moreover, the increased infiltration of inflammatory cells and loss of structural cells 

(e.g., epithelial, fibroblasts, etc.) can directly contribute to the observed differences. We also 

acknowledge that the small sample size (N=6) used for PCR array analysis could be an 

additional factor contributing to the miRNA expression variability. However, validation of 

miR-24 and miR-27a levels in a second, independent cohort of specimens (N=10) revealed 

similar expression pattern as observed in the PCR array. We also validated expression of 

miR-26a in another cohort and observed similar expression pattern (Naqvi et al., 

unpublished results). Although not tested in this study, subjects with severe periodontal 

disease (≥ 6 mm probing depths) may exhibit different miRNA profiles compare to those 

with mild or moderate forms of periodontitis (4–5 mm probing depths).

Increased levels of miR-24 and miR-27a expression were observed in obese periodontitis 

subjects, while in non-obese subjects, the levels of miR-24 and miR-27b were 

downregulated compared to respective controls. Based on our dual luciferase and qPCR 

data, we show that MMP-16 is a novel target of miR-24 and miR-27a. In obese periodontitis 
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subjects, we noticed reduced MMP-16 levels while the non-obese periodontitis subjects 

showed high levels of MMP-16. Thus, miR-24 and miR-27a exhibit antagonistic expression 

to MMP-16 in gingival tissues. MMPs are a family of calcium-dependent zinc containing 

endopeptidases. They are involved in orchestrating many events related to the inflammatory 

response, migration of immune cells by processing the extracellular matrix, stimulation and 

immune-cell recruitment by processing chemokines, resolving the inflammatory process 

using the complement system, and enhancing phagocytosis (Page-McCaw et al., 2017; 

Nagase et al., 2006). The substrate for MMP-16 identified as a novel miRNAs target in this 

study is MMP-2, known to accelerate cell migration. MMP-2 works closely with MMP-9 to 

increase keratinocyte migration during tissue remodeling (Caley et al., 2015). Targeting of 

MMP-16 by miRNAs (miR-24 and miR-27a) in gingival samples derived from periodontitis 

subjects with obesity suggests that dysregulation of miRNAs can contribute to disease 

pathogenesis by altering key genes involved in tissue integrity and turnover.

Studies from various groups including ours have demonstrated that miR-24, miR-30b and 

miR-142-3p function as anti-inflammatory miRNAs (Naqvi et al., 2015; Sun et al., 2011; 

Fordham et al., 2015). In myeloid inflammatory cells, overexpression of these miRNAs 

inhibit innate and adaptive immune responses. In our comparative miRNA profiling, we 

noted increased levels of miR-24, −30b and −142-3p levels in obese periodontitis subjects 

suggesting that these miRNAs may impair the immune response and thus facilitate survival 

or spread of periodontal bacteria and possibly viruses. MMP expression is induced by 

inflammatory mediators like tumor necrosis factor (TNF-α), interleukin (IL)-1β, both of 

which play central role in the pathogenesis of periodontitis (Graves & Cochran 2003; Zhang 

et al., 2013). Hence, miR-24-mediated silencing of MMP-16 and suppression of 

inflammatory cytokines may act as a two-prong mechanism that can contribute to the 

periodontal pathogenesis.

Independent of the innate host response, periodontal pathogens target and disrupt various 

host cellular pathways including tissue homeostasis and repair that are of paramount 

importance to the pathogenesis of periodontal disease (Darveau, 2010; Pyrc et al., 2013; 

Quinchia-Rios et al., 2008). Extracellular signal-related kinases (Erks) are one of the three 

main families of MAP kinases. The classic Erk (Erk1/2) pathway is primarily activated upon 

growth factor or cytokine binding to the EGF receptor. The cascade of protein 

phosphorylation leads to activation of transcription factors (including Sp1, E2F, Elk-1, 

AP-1) that induce expression of genes involved in cell differentiation, proliferation and 

survival (Murphy & Blenis, 2006). For instance, Porphyromonas gingivalis (Pg) derived 

virulence factor peptidylarginine deiminase (PPAD) can impair biological activity of 

Epidermal Growth Factor (EGF) by citrullination of C-terminal arginine (Pyrc et al., 2013). 

This disrupts the activation of ERK pathway consequently leading to reduced epidermal cell 

proliferation. Similarly, Pg LPS is known to inhibit EGF-mediated signaling by reducing the 

phosphorylation of ERK2 (MAPK1) and other components of the MAPK signaling cascade 

including ERK1, p38 MAPK, and cyclic-AMP response element binding (CREB) 

(Quinchia-Rios et al., 2008). We identify and demonstrate that miR-24 and miR-27a and 

miR-30 target MAPK1 and exhibit antagonistic, yet differential expression in diseased obese 

and non-obese gingival tissues. MicroRNA-mediated post-transcriptional suppression of 
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MAPK1 expression in obese diseased gingiva can impair tissue repair mechanisms that may 

delay periodontal healing.

The presence of herpesviruses is increasingly acknowledged to exacerbate pathogenesis of 

oral inflammatory diseases including periodontitis (Parra & Slots 1996; Sabeti et al., 2003; 

Slots et al., 2003; Naqvi et al., 2018). However, the presence of the viral genome and its 

contribution to disease manifestation remains unanswered. To understand the biological 

relevance of these findings in periodontitis, we examined the expression of four previously 

identified viral miRNAs reported in our previous studies (Zhong et al., 2017; Naqvi et al., 

2018). In biopsy samples derived from obese periodontally healthy and diseased subjects, 

quantification of v-miRs revealed higher levels of herpesviral miRNAs in diseased tissues 

compared with their healthy counterparts. These findings corroborates with our previous 

results in non-obese healthy samples and a closer analysis showed no significant differences 

between the two cohorts. This suggests that at least changes in the levels of these four v-

miRs were altered in periodontitis but not impacted by systemic inflammation. Increase in 

the viral miRNAs levels indicate higher viral load in the inflamed oral tissues. Additionally, 

similar to cellular miRNAs, viral miRNAs can also post-transcriptionally regulate numerous 

host genes. We recently showed that viral miRNAs can alter expression of both host mRNAs 

and miRNAs in v-miR expressing oral keratinocytes and myeloid cells (macrophages) 

(Naqvi et al., 2018a-c). These widespread vmiR-mediated transcriptome changes can affect 

numerous cellular functions including immune responses, phagocytosis, cell migration, etc. 

Impaired immune response observed in v-miR transfected macrophages specifically 

demonstrate their capability to modulate immunity and bacterial clearance, both of which 

can significantly contribute to periodontal pathogenesis. These findings strongly suggest that 

in addition to alteration in cellular miRNA profiles in diseased gingiva, increased 

inflammation also perturb viral miRNAs profiles, which can modulate host cell functions as 

well as viral life cycle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Source of Funding

Part of this work was funded by the NIH/NIDCR R21 DE026259-01A1 to ARN and NIH/NIDCR R01 
DE02105201A1 to SN.

References

Alexander M, & O’Connell RM (2015). Noncoding RNAs and chronic inflammation: Micro-managing 
the fire within. Bioessays, 37, 1005–1015. doi:10.1002/bies.201500054 [PubMed: 26249326] 

Caley MP, Martins VL, & O’Toole EA (2015). Metalloproteinases and wound healing. Advances in 
Wound Care (New Rochelle), 4, 225–234. doi:10.1089/wound.2014.0581

Chen SC, Constantinides C, Kebschull M, & Papapanou PN (2016). MicroRNAs regulate cytokine 
responses in gingival epithelial cells. Infection and Immunity, 84, 3282–3289. doi:10.1128/IAI.
00263-16 [PubMed: 27600506] 

Naqvi et al. Page 9

J Clin Periodontol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chu X, Newman J, Park B, Nares S, Ordonez G, & Iacopino AM (1999). In vitro alteration of 
macrophage phenotype and function by serum lipids. Cell and Tissue Research, 296, 331–337. doi:
10.1007/s004410051293 [PubMed: 10382275] 

Darveau RP (2010). Periodontitis: a polymicrobial disruption of host homeostasis. Nature Reviews 
Microbiology, 8, 481–490. doi:10.1038/nrmicro2337 [PubMed: 20514045] 

Doxey DL, Nares S, Park B, Trieu C, Cutler CW, & Iacopino AM (1998). Diabetes-induced 
impairment of macrophage cytokine release in a rat model: potential role of serum lipids. Life 
Sciences, 63, 1127–1136. doi:10.1016/S0024-3205(98)00374-9 [PubMed: 9763208] 

Fordham JB, Naqvi AR, & Nares S (2015). miR-24 regulates macrophage polarization and plasticity. 
Journal of Clinical and Cellular Immunology, 6:pii: 362. doi:10.4172/2155-9899.1000362 
[PubMed: 26807309] 

Fordham JB, Naqvi AR, & Nares S (2015). Regulation of miR-24, miR-30b, and miR-142–3p during 
macrophage and dendritic cell differentiation potentiates innate immunity. Journal of Leukocyte 
Biology, 98, 195–207. doi:10.1189/jlb.1A1014-519RR [PubMed: 25990241] 

Fordham JB, Guilfoyle K, Naqvi AR, & Nares S (2016). MiR-142–3p is a RANKL-dependent inducer 
of cell death in osteoclasts. Scientific Reports, 6, 24980. doi:10.1038/srep24980 [PubMed: 
27113904] 

Gorman A, Kaye EK, Apovian C, Fung TT, Nunn M, & Garcia RI (2012). Overweight and obesity 
predict time to periodontal disease progression in men. Journal of Clinical Periodontology, 39, 
107–114. doi:10.1111/j.1600-051X.2011.01824.x [PubMed: 22150475] 

Gorman A, Kaye EK, Nunn M, & Garcia RI (2012). Changes in body weight and adiposity predict 
periodontitis progression in men. Journal of Dental Research, 91, 921–926. doi:
10.1177/0022034512457372 [PubMed: 22895511] 

Graves DT, & Cochran D (2003). The contribution of interleukin-1 and tumor necrosis factor to 
periodontal tissue destruction. Journal of Periodontology, 74, 391–401. doi: 10.1902/jop.
2003.74.3.391 [PubMed: 12710761] 

Huang X, Yu T, Ma C, Wang Y, Xie B, Xuan D, & Zhang J (2012). Macrophages play a key role in the 
obesity-induced periodontal innate immune dysfunction via nucleotide-binding oligomerization 
domain-like receptor protein 3 pathway. Journal of Periodontology, 87, 1195–1205. doi:10.1902/
jop.2016.160102

Huck O, Al-Hashemi J, Poidevin L, Poch O, Davideau JL, Tenenbaum H, & Amar S (2017). 
Identification and characterization of microRNA differentially expressed in macrophages exposed 
to Porphyromonas gingivalis infection. Infection and Immunity, 85:pii: e00771–16. doi:10.1128/
IAI.00771-16 [PubMed: 28069815] 

Ji X, Chen X, & Yu X (2016). MicroRNAs in osteoclastogenesis and function: potential therapeutic 
targets for osteoporosis. The International Journal of Molecular Sciences, 17, 349. doi:10.3390/
ijms17030349 [PubMed: 27005616] 

Jia S, Zhai H, & Zhao M (2014). MicroRNAs regulate immune system via multiple targets. Discovery 
Medicine, 18, 237–247. [PubMed: 25425464] 

Jimenez M, Hu FB, Marino M, Li Y, & Joshipura KJ. (2012). Prospective associations between 
measures of adiposity and periodontal disease. Obesity (Silver Spring), 20, 1718–1725. doi:
10.1038/oby.2011.291 [PubMed: 21979390] 

Kalea AZ, Hoteit R, Suvan J, Lovering RC, Palmen J, Cooper JA, … D’Aiuto F (2015). Upregulation 
of gingival tissue miR-200b in obese periodontitis subjects. Journal of Dental Research, 94(3 
Suppl), 59S–69S. doi:10.1177/0022034514568197 [PubMed: 25630869] 

Lee FY, Li Y, Yang EK, Yang SQ, Lin HZ, … Diehl AM (1999). Phenotypic abnormalities in 
macrophages from leptin-deficient, obese mice. American Journal of Physiology, 276, C386–394. 
doi:10.1152/ajpcell.1999.276.2.C386 [PubMed: 9950766] 

Lee YH, Na HS, Jeong SY, Jeong SH, Park HR, & Chung J (2011). Comparison of inflammatory 
microRNA expression in healthy and periodontitis tissues. Biocell, 35, 43–49. [PubMed: 
22128589] 

Lee HM, Kim TS, & Jo EK (2016). MiR-146 and miR-125 in the regulation of innate immunity and 
inflammation. BMB Reports, 49, 311–318. doi:10.5483/BMBRep.2016.49.6.056 [PubMed: 
26996343] 

Naqvi et al. Page 10

J Clin Periodontol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Linden G, Patterson C, Evans A, & Kee F (2007). Obesity and periodontitis in 60–70-year-old men. 
Journal of Clinical Periodontology, 34, 461–466. doi:10.1111/j.1600-051X.2007.01075.x 
[PubMed: 17403015] 

Loos BG, Papantonopoulos G, Jepsen S, & Laine ML (2015). What is the contribution of genetics to 
periodontal risk? Dental Clinics of North America, 59, 761–780. doi:10.1016/j.cden.2015.06.005 
[PubMed: 26427567] 

Luan X, Zhou X, Naqvi A, Francis M, Foyle D, Nares S, Diekwisch TGH (2018). MicroRNAs and 
immunity in periodontal health and disease. International Journal of Oral Science, 10:24. doi: 
10.1038/s41368-018-0025-y [PubMed: 30078842] 

Mancuso P, Gottschalk A, Phare SM, Peters-Golden M, Lukacs NW, & Huffnagle GB (2002). Leptin-
deficient mice exhibit impaired host defense in Gram-negative pneumonia. The Journal of 
Immunology, 168, 4018–4024. doi:10.4049/jimmunol.168.8.4018 [PubMed: 11937559] 

Motedayyen H, Ghotloo S, Saffari M, Sattari M, & Amid R (2015). Evaluation of microRNA-146a and 
its targets in gingival tissues of patients with chronic periodontitis. Journal of Periodontology, 86, 
1380–1385. doi:10.1902/jop.2015.150319 [PubMed: 26313020] 

Murphy LO, & Blenis J (2006). MAPK signal specificity: the right place at the right time. Trends in 
Biochemical Sciences, 31, 268–275. doi:10.1016/j.tibs.2006.03.009 [PubMed: 16603362] 

Nagase H, Visse R, & Murphy G (2006). Structure and function of matrix metalloproteinases and 
TIMPs. Cardiovascular Research, 69, 562–573. doi:10.1016/j.cardiores.2005.12.002 [PubMed: 
16405877] 

Naqvi AR, Fordham JB, Khan A, & Nares S (2014). MicroRNAs responsive to Aggregatibacter 
actinomycetemcomitans and Porphyromonas gingivalis LPS modulate expression of genes 
regulating innate immunity in human macrophages. Innate Immunity, 20, 540–551. doi:
10.1177/1753425913501914 [PubMed: 24062196] 

Naqvi AR, Fordham JB, & Nares S (2015). miR-24, miR-30b, and miR-142–3p regulate phagocytosis 
in myeloid inflammatory cells. The Journal of Immunology, 194, 1916–1927. doi:10.4049/
jimmunol.1401893 [PubMed: 25601927] 

Naqvi AR, Fordham JB, Ganesh B, & Nares S (2016). miR-24, miR-30b and miR-142–3p interfere 
with antigen processing and presentation by primary macrophages and dendritic cells. Scientific 
Reports, 6, 32925. doi:10.1038/srep32925 [PubMed: 27611009] 

Naqvi AR, Fordham JB, & Nares S (2016). MicroRNA target Fc receptors to regulate Ab-dependent 
Ag uptake in primary macrophages and dendritic cells. Innate Immunity, 22, 510–521. doi:
10.1177/1753425916661042 [PubMed: 27449126] 

Naqvi AR, Seal A, Shango J, Brambila MF, Martinez G, Chapa G, … Nares S (2018). Herpesvirus-
encoded microRNAs detected in human gingiva alter host cell transcriptome and regulate viral 
infection. BBA Gene Regulatory Mechanisms, 1861, 497–508. doi:10.1016/j.bbagrm.2018.03.001 
[PubMed: 29550353] 

Naqvi AR, Seal A, Shango J, Shukla D, & Nares S (2018). In silico prediction of cellular gene targets 
of herpesvirus encoded microRNAs. Data in Brief. 19, 249–255. doi:10.1016/j.dib.2018.05.020 
[PubMed: 29892642] 

Naqvi AR, Shango J, Seal A, Shukla D, & Nares S (2018). Viral miRNAs alter host cell mirna profiles 
and modulate innate immune responses. Frontiers in Immunology, 9:433. doi:10.3389/fimmu.
2018.00433 [PubMed: 29559974] 

Naqvi AR, Shango J, Seal A, Shukla D, & Nares S (2018). Herpesviruses and MicroRNAs: New 
pathogenesis factors in oral infection and disease? Frontiers in Immunology, 9:2099. doi: 10.3389/
fimmu.2018.02099. [PubMed: 30319604] 

Newton JT, & Asimakopoulou K (2015). Managing oral hygiene as a risk factor for periodontal 
disease: a systematic review of psychological approaches to behaviour change for improved plaque 
control in periodontal management. Journal of Clinical Periodontology, 42 Suppl 16, S36–46. doi:
10.1111/jcpe.12356 [PubMed: 25639708] 

Nociti FH, Jr., Casati MZ, & Duarte PM (2015). Current perspective of the impact of smoking on the 
progression and treatment of periodontitis. Periodontology 2000, 67, 187–210. doi:10.1111/prd.
12063 [PubMed: 25494601] 

Naqvi et al. Page 11

J Clin Periodontol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ogata Y, Matsui S, Kato A, Zhou L, Nakayama Y, & Takai H (2014). MicroRNA expression in 
inflamed and noninflamed gingival tissues from Japanese patients. Journal of Oral Sciences, 56, 
253–260. doi:10.2334/josnusd.56.253

Page-McCaw A, Ewald AJ, & Werb Z (2017). Matrix metalloproteinases and the regulation of tissue 
remodelling. Nature Reviews Molecular Cell Biology, 8, 221–233. doi:10.1038/nrm2125

Parra B, & Slots J (1996). Detection of human viruses in periodontal pockets using polymerase chain 
reaction. Oral Microbiology and Immunology, 11, 289–293. doi:10.1111/j.1399-302X.
1996.tb00183.x [PubMed: 9028252] 

Perri R, Nares S, Zhang S, Barros SP, & Offenbacher S (2012). MicroRNA modulation in obesity and 
periodontitis. Journal of Dental Research, 91, 33–38. doi:10.1177/0022034511425045 [PubMed: 
22043006] 

Pyrc K, Milewska A, Kantyka T, Sroka A, Maresz K, Kozieł J, … Potempa J (2013). Inactivation of 
epidermal growth factor by Porphyromonas gingivalis as a potential mechanism for periodontal 
tissue damage. Infection and Immunity, 81:55–64. doi:10.1128/IAI.00830-12 [PubMed: 
23090954] 

Quinchia-Rios BH, Guerrero M, Abozeid S, Bainbridge B, Darveau R, Compton T, Bertics PJ (2008). 
Down-regulation of epidermal growth factor receptor-dependent signaling by Porphyromonas 
gingivalis lipopolysaccharide in life-expanded human gingival fibroblasts. Journal of Periodontal 
Research, 43, 290–304. doi:10.1111/j.1600-0765.2007.01029.x [PubMed: 18221293] 

Sabeti M, Simon JH, & Slots J (2003). Cytomegalovirus and Epstein-Barr virus are associated with 
symptomatic periapical pathosis. Oral Microbiology and Immunology, 18, 327–328. doi:10.1034/j.
1399-302X.2003.00079.x [PubMed: 12930527] 

Slots J, Sabeti M, & Simon JH (2003). Herpesviruses in periapical pathosis: an etiopathogenic 
relationship? Oral Surgery, Oral Medicine, Oral Pathology, and Oral Radiology, 96, 327–331. doi:
10.1016/S1079210403003524

Stoecklin-Wasmer C, Guarnieri P, Celenti R, Demmer RT, Kebschull M, & Papapanou PN (2012). 
MicroRNAs and their target genes in gingival tissues. Journal of Dental Research, 91, 934–940. 
doi:10.1177/0022034512456551 [PubMed: 22879578] 

Sun Y, Varambally S, Maher CA, Cao Q, Chockley P, Toubai T, … Reddy P (2011). Targeting of 
microRNA-142–3p in dendritic cells regulates endotoxin-induced mortality. Blood, 117, 6172–
6183. doi:10.1182/blood-2010-12-325647 [PubMed: 21474672] 

Tang P, Xiong Q, Ge W, & Zhang L (2014). The role of microRNAs in osteoclasts and osteoporosis. 
RNA Biology, 11, 1355–1363. doi:10.1080/15476286.2014.996462 [PubMed: 25692234] 

Zhang S, Barros SP, Moretti AJ, Yu N, Zhou J, Preisser JS, … Offenbacher S (2013). Epigenetic 
regulation of TNFA expression in periodontal disease. Journal of Periodontology, 84, 1606–1616. 
doi:10.1902/jop.2013.120294 [PubMed: 23368949] 

Zhong S, Naqvi A, Bair E, Nares S, & Khan AA (2017). Viral microRNAs identified in human dental 
pulp. Journal of Endodontics, 43, 84–89. doi:10.1016/j.joen.2016.10.006 [PubMed: 27939730] 

Naqvi et al. Page 12

J Clin Periodontol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Clinical Relevance

Scientific rationale for the study:

We sought to compare the expression profiles of human and herpesvirus-encoded miRNA 

expression in healthy and inflamed gingiva in obese and non-obese human subjects.

Principal findings:

Expression of numerous human miRNAs and three candidate viral miRNAs were altered 

in diseased gingiva. Mechanistically, we show that expression of novel gene targets of 

miR-24 and miR-27a are altered in disease.

Practical implications:

Epigenetic changes mediated by disease-associated miRNAs (both human and virus) may 

regulate periodontal inflammation. Combinatorial targeting of human and herpesvirus-

derived miRNAs may provide an emerging novel diagnostic molecular tool for 

periodontal inflammation.
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Figure 1. 
MicroRNA and their predicted gene targets exhibit antagonistic expression pattern in healthy 

and periodontitis obese and non-obese subjects. Quantitative RT-PCR analysis of microRNA 

(miR-24 and miR-27a) and their predicted gene target (MMP-16 and MAPK1) expression in 

gingival biopsies of healthy and diseased obese and non-obese subjects (N=10). Histograms 

showing relative fold change in the expression of (A) miR-24, (B) miR-27a, (C) MMP-16 

and (D) MAPK1. RNU6 and GAPDH was used as an endogenous control for miRNA and 

mRNA, respectively. Values are presented as mean ±SD. * p value < 0.05; **p<0.01; 

***p<0.001; Student’s t-test.
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Figure 2. 
MicroRNAs altered in gingival biopsies from periodontitis subjects target genes linked to 

tissue homeostasis and inflammation. (A) Sequence alignment of predicted miR-24 (red 

box), miR-26a (green box) and miR-27a (yellow box) binding sites in the 3′UTR of human 

MMP-16. Blue line represents the cloned part of the entire MMP-16 3′UTR. (B) HEK293 or 

HeLa cells were co-transfected with MMP-16 3′UTR construct and with miR-24 or control 

mimic. As a control, cells were co-transfected with empty psiCHECK-2 vector and 

miR-26a. Renilla activity was normalized to firefly activity, and the ratios subsequently 

normalized to empty vector transfected with miR-26a was set as 1. Data are expressed as 

±SEM of four independent transfections. (C) HEK293 cells were co-transfected with 

MMP-16 3′UTR construct and with miR-26a, miR-27a or control mimic. As a control, cells 
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were co-transfected with empty psiCHECK-2 vector and miR-26a. Renilla activity was 

normalized to firefly activity, and the ratios subsequently normalized to empty vector 

transfected with miR-26a was set as 1. Data are expressed as ±SEM of four independent 

transfections. (D) Sequence alignment of predicted miR-27a (yellow box) and miR-27a 

(orange box) binding sites in the 3′UTR of human MAPK1. Blue line represents the cloned 

part of the entire MMP-16 3′UTR. (E) HEK293 cells were co-transfected with MAPK1 

3′UTR construct and with miR-27a, miR-30b or control mimic. As a control, cells were co-

transfected with empty psiCHECK-2 vector and miR-26a. Renilla activity was normalized to 

firefly activity, and the ratios subsequently normalized to empty vector transfected with 

miR-26a was set as 1. Data are expressed as ±SEM of four independent transfections. 

Quantitative RT-PCR analysis of MMP-16 and MAPK1 expression in miRNA or control 

mimic transfected human oral keratinocytes. Histograms showing relative fold change in the 

expression of (F) MMP-16 and (G) MAPK1. GAPDH was used as endogenous control. 

Values are presented as mean ±SD from three independent experiments. * p value < 0.05; 

**p<0.01; ***p<0.001; Student’s t-test.
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Figure 3. 
Expression analysis of candidate viral miRNAs in healthy and diseased gingival samples. 

Total RNA was isolated from healthy and diseased tissues (n=6). Expression of three viral 

miRNAs miR-H1, miR-K12–3 and miR-US4 were detected by quantitative RT-PCR. Scatter 

plots show mean Ct value of (A) miR-H1, (B) miR-K12–3 and (C) miR-US4 in healthy and 

diseased gingiva. Numbers of positive samples are mentioned for each group. Relative 

expression of (D) miR-US4 and (E) miR-K12–3 was calculated after normalization with 

RNU6B as control. Student’s t-test was used to calculate p-values. **p<0.01; ***p<0.001.
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Table 1.

List of differentially expressed miRNA in diseased gingival biopsies derived from obese subjects compared 

with obese periodontally healthy specimens.

miRNA Fold Change p value

hsa-miR-21-5p 13.7924 0.001141

hsa-let-7f-5p 10.7559 0.000835

hsa-miR-29b-3p 10.2039 0.001421

hsa-miR-7-5p 9.5951 0.000011

hsa-miR-29c-3p 8.455 0.00144

hsa-miR-19a-3p 7.9754 0.003245

hsa-let-7g-5p 7.7104 0.000621

hsa-miR-374a-5p 6.9405 0.002386

hsa-miR-27a-3p 6.4735 0.00082

hsa-miR-146a-5p 6.2725 0.013057

hsa-miR-26b-5p 6.0369 0.002023

hsa-miR-27b-3p 5.7739 0.00103

hsa-miR-424-5p 5.489 0.048809

hsa-miR-126-3p 4.6583 0.000489

hsa-miR-101-3p 4.5711 0.000268

hsa-miR-20a-5p 4.5012 0.00284

hsa-let-7a-5p 4.2099 0.000984

hsa-miR-143-3p 4.1048 0.032395

hsa-miR-142-3p 4.0266 0.009795

hsa-let-7e-5p 3.9677 0.000765

hsa-miR-16-5p 3.9369 0.001541

hsa-miR-19b-3p 3.7798 0.030693

hsa-miR-17-5p 3.6969 0.003143

hsa-miR-195-5p 3.6101 0.005307

hsa-miR-15a-5p 3.2177 0.00912

hsa-let-7i-5p 3.1314 0.000321

hsa-let-7c-5p 3.0974 0.000536

hsa-miR-29a-3p 3.0765 0.000188

hsa-miR-93-5p 3.0606 0.001611

hsa-miR-26a-5p 2.9862 0.003244

hsa-let-7d-5p 2.9096 0.002102

hsa-miR-32-5p 2.8226 0.035062

hsa-miR-141-3p 2.778 0.028977

hsa-miR-28-5p 2.3219 0.047771

hsa-miR-24-3p 2.3139 0.0337

hsa-miR-155-5p 2.1083 0.027938
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miRNA Fold Change p value

hsa-miR-30b-5p 2.0584 0.011846

hsa-miR-181b-5p 2.0294 0.01487

hsa-miR-30c-5p 1.676 0.041242

hsa-miR-423-5p 0.5111 0.016361

hsa-miR-196b-5p 0.3621 0.028421
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Table 2.

List of differentially expressed miRNA in non-obese diseased gingiva compared with healthy tissues.

miRNA Fold Change p value

hsa-miR-150-5p 2.9668 0.018342

hsa-miR-146a-5p 0.4492 0.019474

hsa-miR-25-3p 0.4095 0.050268

hsa-miR-151a-5p 0.4034 0.040139

hsa-let-7d-5p 0.3653 0.015578

hsa-miR-17-5p 0.3 0.013462

hsa-miR-7-5p 0.2987 0.016641

hsa-miR-28-5p 0.2761 0.002401

hsa-miR-23b-3p 0.2723 0.014155

hsa-miR-185-5p 0.2718 0.037233

hsa-let-7g-5p 0.2612 0.028876

hsa-miR-24-3p 0.2603 0.010041

hsa-miR-374a-5p 0.2511 0.008054

hsa-let-7a-5p 0.2167 0.002435

hsa-miR-126-3p 0.2061 0.023744

hsa-let-7e-5p 0.2026 0.004664

hsa-miR-26a-5p 0.1954 0.002896

hsa-let-7f-5p 0.1607 0.004375

hsa-miR-27b-3p 0.1581 0.0011

hsa-miR-26b-5p 0.1384 0.006414

hsa-miR-21-5p 0.1054 0.003278
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Table 3.

List of key pathways potentially affected by dysregulated miRNAs in obese and non-obese periodontitis 

subjects.

Common Pathway FDR p- value Number of genes Number of miRNAs

ECM-receptor interaction 4.53E-09 65 40

Ubiquitin mediated proteolysis 2.44E-08 120 40

TGF-beta signaling pathway 2.15E-07 71 40

Bacterial invasion of epithelial cells 3.06E-06 67 40

FoxO signaling pathway 8.64E-06 114 40

PI3K-Akt signaling pathway 0.000148227 247 40

p53 signaling pathway 0.000178646 61 40

TNF signaling pathway 0.000436295 90 40

Apoptosis 0.002348869 73 40

Unique Pathway FDR p- value Number of genes Number of miRNAs

Ribosome 1.18733E-05 114 40

Steroid Biosynthesis 0.000140212 18 35

Biosynthesis of unsaturated fatty acids 0.000529566 18 37

Thyroid Cancer 0.000529566 26 40

Toxoplasmosis 0.002493282 94 40

Vitamin B6 metabolism 0.006819932 6 19

Progesterone-mediated oocyte maturation 0.006819932 71 40

Circadian rhythm 0.010246299 27 40

Terpenoid backbone biosynthesis 0.037478314 18 37

Fatty acid degradation 0.042232691 32 32

Protein export 0.049958716 20 36
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