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Abstract

MicroRNAs (miRNAs) are small, non-coding RNAs of ~18-25 nucleotides that have gained
extensive attention as critical regulators in complex gene networks including immune cell lineage
commitment, differentiation, maturation, and maintenance of immune homeostasis and function.
Many viruses encode miRNAs that directly downregulate the expression of factors of the innate
immune system, which includes proteins involved in promoting apoptosis and recruitment. In this
study, we examined the expression profiles of three previously identified viral miRNASs (v-miRs)
from the human herpesvirus (HHV) family, HSV-1 (miR-H1), KSHV (miR-K12-3-3p), and
HCMV (miR-US4) in healthy and diseased periodontal tissues and observed increased levels of v-
miRs in diseased tissues. To understand the significance of this increase, we overexpressed v-miRs
in human oral keratinocytes (HOK), a common target for various HHV, and analyzed the impact of
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miR-H1 and miR-K12-3-3p on the host transcriptome. More than 1300 genes were altered in HOK
overexpressing miR-H1 and miR-K12-3-3p. Global pathway analysis of deregulated genes
identified several key cellular pathways that may favor viral persistence. Using bioinformatic
analysis, we predicted hundreds of potential v-miR binding sites on genes downregulated by miR-
H1 and miR-K12-3-3p and validated three novel target v-miR sites suggesting widespread direct
and indirect modualtion of numerous host genes/pathways by a single v-miR. Finally, /n vitro
HSV-1 infection assays showed that miR-H1 can regulate viral entry and infection in human oral
keratinocytes (HOK). Overall, our results demonstrate clinical and functional relevance of
pathogenic viral molecules viz., v-miRs that regulate both host and viral functions and may
contribute to the pathogenesis of inflammatory oral diseases.
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Introduction

Human Herpesviruses (HHV) are enveloped, linear, double stranded DNA (~140-250 kb)
viruses that are highly prevalent across the world [1,2]. Based on geographical location and
socioeconomic status, some populations are up to 100% seropositive for one or more
members of the HHV family [3-5]. A unique feature of HHV is their ability to infect and
persist for a lifetime. This is attributed to several viral proteins that efficiently subvert
adaptive immune responses and modulate cellular homeostasis including interfering with
antigen processing/presentation and preventing immune-mediated removal of virus-infected
cells [6-8]. Further, it is well documented that viruses are capable of reprogramming cellular
functions by altering expression of various host genes [9,10].

The discovery of viral miRNAs (v-miRs) has revealed yet another layer of intricate host-
pathogen interactions [11,12]. MicroRNAs (miRs) are small, non-coding RNAs that fine
tune translational output and can regulate cellular homeostasis, immune activation, cell
differentiation, apoptosis, pathogen responses, cancer, etc., [13-19]. Interestingly, HHV and
polyoma viruses are predominant viruses that exhibit v-miR encoding potential. The
presence of multiple v-miRs in the HHV genome may impart an evolutionary benefit that
confers the ability to persist inside the host and evade the immune responses. However, the
role of v-miRs in the context of oral inflammatory diseases is poorly explored.

The oral cavity is a highly populated niche for various microbes including bacteria, yeast,
and viruses. Consistent with this, oral infections are predominantly of polymicrobial
etiology. Although the bacterial component is believed to serve as the major etiological
factor of microbial-induced diseases such as periodontal disease, emerging evidence
suggests the presence of multiple viruses (primarily HHV) which may augment the
progression and pathogenesis of oral disorders [20-23]. HHV have been isolated from
various regions of the oral cavity further supporting this notion. Similarly, co-infection of
HHV and bacteria in periodontal and surrounding tissues (endodontic lesions, periapical
tissues, etc.) is well-reported [24-27]. High prevalence of HCMV, EBV, and HSV-1 was
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observed in chronic and aggressive periodontitis lesions [28,29], while HCMV and EBV
have been isolated from apical periodontitis clinical samples [16,30]. Indeed, multiple
studies have detected viruses in more than 90% of granulomas of symptomatic and large
periapical lesions [31]. Their presence has been suggested to contribute to pathogenesis
whereby HHV may trigger the release of tissue destructive cytokines, upregulating the
growth of pathogenic bacteria, and initiate cytotoxic or immunopathologic events [11,13].
The evidence supporting a periodontopathologic role of herpesviruses is derived from
association studies and immunology-based research, but the specific molecular mechanisms
of how HHV may instigate or exacerbate periodontitis has not been identified.

The ability of v-miRs to simultaneously regulate both viral and host genes allows the
pathogen to adapt according to cellular microenvironment. In regards to viral infection,
HHYV employs v-miRs to establish latency after initial infection, switching the Iytic-latency
cycle as well as viral tropism [32,33]. This is achieved by silencing viral genes involved in
the process. For instance, multiple v-miRs (miR-H2, -H4 and -H6) encoded by HSV-1
suppress expression of viral transcripts required for establishing infection including ICPO,
ICP34.5, ICP4, thus promoting viral latency [33-35]. KSHV encoded miR-K12-7 and miR-
K12-9 regulate expression of ORF50 encoded Replication and Transcription Activator
(RTA) which leads to suppression of early genes and prevents inappropriate entry into the
lytic phase [36,37]. Similarly, diverse cellular targets of v-miRs have been identified. By
regulating these genes, v-miRs can control autophagy, apoptosis, cell cycle regulation, innate
and adaptive immune responses, and cellular reprogramming. EBV-miR-BART5-5p has
been shown to regulate PUMA. Either depletion of this v-miR or induction of PUMA
expression is adequate to prompt apoptosis [39]. HCMV-miR-UL112-3p and HCMV-miR-
UL 148D target toll-like receptor 2 (TLR2) and chemokine (C-C Motif) ligand 5 (CCL5)
genes thereby inhibiting the secretion of proinflammatory cytokines and suppressing Natural
Killer (NK) activation and proliferation [40; functions of v-miRs described here are listed in
Supplementary Table 1]. Together, these v-miRs significantly contribute to immune
subversion and thus play key role in viral persistence.

The role of v-miRs in augmenting disease severity and pathogenesis is becoming more
apparent. Moreover, v-miRs can be utilized as potential biomarkers for disease progression.
For example, patients with nasopharyngeal carcinoma show increased EBV miR-BART7-3p
and miR-BART13 levels in plasma samples compared with control patients [41,42]. Lisboa
et al., detected significantly higher levels of HCMV-miR-UL22A-5p in a cohort of solid
organ transplant patients with CMV disease [43]. However, the role of v-miRs in oral
diseases in not well understood and poorly studied. The only study identifying v-miRs in
diseased oral tissues was recently reported from our lab [44].

In this study, we examined the expression of four candidate miRNAs viz., HSV1-miR-H1,
HCMV-miR-US4, HCMV miR-UL70-3p and KSHV-miR-K12-3-3p-3p in gingival biopsies
derived from subjects with periodontitis compared with healthy subjects. We observed
significantly higher expression of v-miRs in diseased periodontal tissues. To characterize
potential v-miR functions, we assessed the impact of miR-H1 and miR-K12-3-3p-3p on
transcriptome-wide changes in HOKSs. Using a combinatorial /n sifico and functional
approach, we identified novel targets of v-miRs which may facilitate viral persistence and
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immune evasion. We also examined the impact of miR-H1 on HSV-1 entry and infection in
HOK. Our results provide the first report that shed light on the clinical detection of v-miRs
in periodontal tissues and their potential role in pathogenic mechanisms.

Materials and Methods

Study population and sample collection

This study was approved by the Ethics Committee at the University Autonoma de Nuevo
Ledn Facultad de Odontologia and The University of Illinois at Chicago, College of
Dentistry. Two cohorts of subjects presenting to the Postgraduate Periodontics Clinic at the
Dental School of the Universidad Autonéma de Nuevo Ledn were recruited for this study.
Inclusion criteria included male and female patients ages 18 to 65 years and in good
systemic health. Exclusion criteria included chronic disease (e.g. diabetes, hepatitis, renal
failure, clotting disorders, HIV, etc.)., antibiotics 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). Gingival biopsy
samples were collected from subjects (n=6/group) with healthy periodontal tissues or from
subjects diagnosed with chronic periodontitis, immediately placed in RNALater (Qiagen,
Gaithersburg, MD) and stored at —=70 °C. Subjects with chronic periodontitis displayed
probing depth = 6mm with bleeding on probing and radiographic evidence of bone loss [45].
Healthy periodontal patients displayed probing depths < 3mm, with no bleeding on probing
and no radiographic evidence of bone loss.

Total RNA Isolation and Quantitative Real-Time PCR

Tissue samples were lysed using the TissueLyzer (Qiagen) and total RNA isolated using the
miRNeasy (Qiagen) kit as we previously reported [44,47,48]. The miRNeasy kit was also
used to lyse cell cultures. For mature miRNA quantification, miScript primers and miScript
Il RT Kit were purchased from Qiagen. 100ng total RNA was reverse transcribed according
to manufacturer’s instruction. The reactions were run using miRNA specific primer and
universal primer (both from Qiagen) in the PCR mix buffer containing SYBR Green (Roche,
Indianapolis, IN). RNU6B was used as endogenous control. The Ct values of replicates were
analyzed to calculate relative fold change using the delta-delta Ct method and the
normalized values plotted as histograms with standard deviations (SD).

Primary gingival human oral keratinocyte (HOK) culture

Primary HOK were purchased from ScienCell Research Laboratories (human gingival
epithelial cells, Carlsbad, CA). Cultures were tested for HOK markers by
immunofluorescent methods using antibodies to cytokeratine-8, -18 and -19 and were
negative for HIV-1, HBV, HCV, mycoplasma, bacteria, yeast and fungi. Cells were cultured
using DermalL.ife K Keratinocyte Medium Complete Kit (Lifeline Cell Technology,
Frederick, MD). Immortalized human gingival epithelial cells (kindly provided by Dr.
Richard Lamont, University of Louisville, Kentucky) were cultured in flasks containing
keratinocyte growth medium (Lifeline Cell Technology).
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Detection of virus in tissue samples and cell cultures

The presence of viruses was assessed by PCR based genome detection method using HSV-1
and EBV detection kits (Norgen Biotek Corp, Ontario, Canada). PCR was performed using
virus specific primers provided in the kit. Amplicons were electrophoresed on 2% agarose
gel. A positive control, isolation control, and a PCR control were included in the reaction.

Transient miRNA transfections

Transient transfections were performed using Lipofectaine 2000 reagent (Life Technologies,
San Diego, CA) according to manufacturer’s instructions. Red siGLO oligos
(ThermoScientific, Waltham, MA) were used to determine transfection efficiency. After 36
hours, cells were harvested for RNA isolation. Cells were transfected with viral miRNA
mimics at increasing concentrations of 10, 20 and 50 nM (to determine dose effects) for 36
hours. We noticed robust (~90%) transfection at 20 nM, therefore, we used the same
concentration for most of the experiments unless specified. Controls consisted of mock
transfected and control mimic (Qiagen) transfected cultures.

Microarray Analysis

We used Affymetrix HTA-2_0 arrays (Santa Clara, CA) for transcriptome profiling. RNA
samples were labeled and hybridized according to standard WT (whole transcript) PLUS
target labeling protocol recommended by the manufacturer. After hybridization, each image
was analyzed for the following quality metrics: average signal present, signal intensity of
species-specific house-keeping genes, relative signal intensities of labeling controls, and
absolute signal intensities of hybridization controls.

Data was processed using Genomics Suite 6.6 Statistical Package (Partek, Inc., St. Louis,
MO). The following parameters were applied for hybridization signal processing:
Algorithm: RMA; Background Correction: RMA Background Correction; Normalization:
Quantile Normalization; Log Probes using Base: 2; Probeset Summarization: Median Polish.
ANOVA test was used to calculate significance of the differential expression in each
comparison (miR-H1 vs control, miR-K12-3-3p vs control and control vs mock transfected).
Differentially expressed transcripts were annotated according to Affymetrix ‘NetAffx
Analysis Center’. The significance cut-off was at 0.05. Array data were in compliance with
Minimum Information About a Microarray Experiment (MIAME) guidelines and deposited
in the Gene Expression Omnibus public database under Accession Number GSE107005.

Pathway Analysis Using Ingenuity Pathways Analysis Software

Ingenuity pathway analysis software (IPA, Ingenuity® Systems, Redwood City, CA) was
used to predict the networks and canonical pathways that are associated with the
significantly expressed genes. This software collects information from a database built from
published relationships between genes and their biological functions, mechanisms, canonical
pathways, and networks. Significantly over- or under-expressed genes (p values <0.05) with
relative expression values of £1.25-fold change and their corresponding gene identifiers
were imported into IPA and analyzed with the IPA Core Analysis Tool which identifies
relationships, mechanisms, functions, and pathways relevant to a dataset. ‘Canonical
pathways’, and ‘Networks” were mainly used in this analysis. Figures were generated using
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the IPA Path Designer Graphical Representation. Gene symbols were mapped to their
corresponding gene objects in the Ingenuity Pathways Knowledge Base.

Molecules are represented as nodes, and the biological relationship between two nodes is
represented as an edge (line). All edges are supported by at least one reference from the
literature, from a textbook, or from canonical information stored in the Ingenuity Knowledge
Base. The intensity of the node color indicates the degree of up- (red) or down- (green)
regulation. Nodes are displayed using various shapes that represent the functional class of
the gene product. Edges are displayed with various labels that describe the nature of the
relationship between the nodes (see figure legends for details).

Luciferase reporter constructs and dual luciferase reporter assays

Genomic DNA were isolated from freshly prepared PBMCs using QlAamp DNA mini kit
(Qiagen) according to manufacturer’s instructions. The 3’UTRs of predicted miRNA target
genes were PCR amplified using Phusion Taqg polymerase (NEB, Ipswich, MA). The
amplified products were digested with restriction enzymes (Xho I and Not 1) and ligated
downstream to the luciferase reporter gene in psiCHECK™-2 vector (Promega Inc.,
Madison WI1). The colonies were screened by restriction digestion and three positive clones
for each gene were verified by DNA sequencing. Dual luciferase experiments were
performed as previously described [16,17,49]. In brief, HEK293 and HOK cells were seeded
at the density of 3 x 10* in DMEM supplemented with 10% fetal bovine serum. All
transfections were performed in quadruplicate using 0.5 pL Lipofectamine 2000
(Invitrogen), 120 ng dual luciferase reporter plasmids, and a final concentration of 2 pmol of
synthetic miRNA mimics (Thermo Fisher Scientific). For experimental controls, we used: 1)
Empty vectors + viral miRNA mimics, and 2) reporter constructs + control mimic (Thermo
Fisher Scientific). After 36 h post-transfection, cells were lysed in passive lysis buffer
(Promega) and dual luciferase assays performed using the Lumat (Turner BioSystems,
Sunnyvale, CA) luminometer. For each reporter 3'UTR construct, the Rluc/Fluc value
obtained was normalized to the value obtained for psiCHECK™-2 no-insert control (EV)
co-transfected with the same miRNA mimic. The values obtained were plotted as
histograms, where EV is set at one.

HSV-1 Viral Entry and Infection Assay

HOK were grown in 96 or 48 well-plates to subconfluence and transfected with HSV-1 miR-
H1 or control mimic. After 24 hours, cells were infected with HSV-1 (gL86) virus (B-
galactosidase expressing recombinant HSV-1) at 5 or 10 MOI. Uninfected cells in the
presence and absence of lipofectamine were used as additional controls. Six hours post-
infection (hpi), p-galactosidase assays were performed using o-nitrophenyl-D-
galactopyranoside (ImmunoPure ONPG; Pierce, Rockford, IL). For the soluble substrate, the
enzymatic activity was measured at 410 nm using a microplate reader (Molecular Devices
spectra MAX 190, Sunnyvale, CA).

For infection experiments, cells were infected with dual color recombinant HSV-1 strain
KOS (expressing early protein ICPO-GFP and late protein gD-GFP) at 0.1 MOI. After 4
hours, media was replaced with fresh media and incubated for additional 36 hours. Cells
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were fixed with 2% PFA and nuclei were stained DAPI. Entire cell populations were used
for mean fluorescence intensity calculations. Flow cytometry was performed on a CyAn
ADP Analyzer (Beckman Coulter, Brea, CA) and data was analyzed using FlowJo analysis
software. For florescence imaging, images were captured on EVOS florescence microscope
(Thermo Fisher Scientific).

The impact of miRNA transfection on HOK viability was determined using the CellTiter 96
AQueous Cell Proliferation Assay Kit (Promega) according to manufacturer’s instructions.
A total of 20 ul of MTS reagent was added to each well and incubated for two hours.
Absorbance at 490 nm was monitored using the SpectraMax® M2 (Molecular Devices,
Sunnyvale, CA, USA) plate reader.

Immunoblotting

Virally infected cell lysates were denatured in NUPAGE LDS Sample Buffer (Invitrogen,
NP00007) and heated to 80°C for 10 min. Equal amounts of protein were added to 4%-12%
SDS-PAGE gel and transferred to a nitrocellulose membrane. Nitrocellulose membrane was
blocked in 5% nonfat milk in Tris-buffered saline (TBS) for 2 hr at room temperature. After
the nonspecific binding blocking step was complete, membranes were incubated with mouse
anti-gD monoclonal antibody (Abeam) at 1:1,000 dilution for overnight at 4°C. The
following day, the blots were washed multiple times with 0.1 % TTBS (0.1% Tween 20 in
TBS) before the addition of horseradish peroxidase conjugated anti-mouse IgG at dilutions
of 1:25,000 at room temperature. Protein bands were visualized on an ImageQuant LAS
4000 imager (GE Healthcare) after the addition of SuperSignal West Pico maximum
sensitivity substrate (Pierce, 34080). The density of the bands was quantified using
ImageQuant TL image analysis software (version: 7). GAPDH was measured as a loading
control.

Plaque assays

Monolayers of HOK cells were transfected with miR-H1 or control mimic. After overnight
incubation, cells were infected with HSV-1 (KOS MOI 0.1) in Opti-MEM (Thermo Fisher
Scientific). After 2 h incubation at 37°C, 5% CO2, inoculation solution was aspirated, cells
were washed once with PBS, and complete media was added for 24 h. Culture supernatants
were then collected, centrifuged at 13,000 rpm for 1 min, serially diluted in Opti-MEM, and
overlayed on confluent monolayers of Vero cells in 24-well plates. After 2 h incubation,
cells were washed, and complete DMEM containing 0.5% methylcellulose (Fisher
Scientific) was added to cells for 48 to 72 h. To visualize and count plaques, cells were fixed
with 100% methanol and stained with crystal violet solution.

Statistical Analysis

Data were analyzed on GraphPad Prism (Graphpad Software Inc., La Jolla, CA). The results
were 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.
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Increased expression of herpes viral miRNAs in periodontitis

In our previous microarray study using tooth pulp tissue samples, we observed increased
levels of four different v-miRs viz., miR-H1 (HSV-1), miR-K12-3-3p (KSHV), miR-
UL70-3p and miR-US4 (both HCMV) in inflamed tooth pulps compared to corresponding
healthy tissues [44]. Similar to dental pulps, HHV have been detected in tissue biopsies
derived from periapical endodontic lesions, periodontitis and gingivitis lesions, as well as
peri-implantitis lesions [24-27,49]. These observations indicate the likely presence of v-
miRs in inflamed oral tissues. We therefore determined if miR-H1 (HSV-1), miR-K12-3-3p
(KSHV) and miR-US4 (HCMV) are also present in gingival biopsies derived from healthy
and periodontitis subjects. Our quantitative real-time PCR results confirm that miR-H1 was
detected in all periodontitis lesions (Ct= 31.6+0.55), while none of the healthy tissue
samples were positive (Ct cut off =235; Figure 1A). On the other hand, the expression values
of miR-US4 were significantly lower in diseased (Ct=28.2+1.88) compared to healthy
tissues (Ct=31.48+1.43; Figure 1B). Similarly, periodontitis lesions showed a higher
prevalence for miR-K12-3-3p detection (Ct=31.35+1.7) compared to respective healthy
controls (Ct=34.6+0.34) tissues indicating high expression of the viral miRNA (Figure 1C).
Among all the v-miRs tested, miR-US4 expression levels were highest followed by miR-
K12-3-3p and miR-H1.

To examine if other viral components are also altered in diseased gingiva compared to
healthy tissues, we quantified HSV-1 encoded early protein ICPO transcript levels. Our
results show that ICPO was detected in all the periodontitis samples (Ct=30.53+0.49) while,
only one healthy control (Ct=31.68) showed presence of transcript but other samples did not
show any detectable level of ICPO (Ct cut off >35; Figure 1D). This corroborates with the
miR-H1 expression data (Figure 1A).

These results clearly indicate that induced expression of v-miRs (and other viral transcripts)
is associated with inflammation. The detection of v-miRs in periodontitis subjects confirm
our previous data and support our hypothesis that v-miRs are associated with oral
inflammatory diseases.

Differential expression of genes in HSV miR-H1 and KSHV miR-K12-3-3p transfected HOK

Before examining the impact of v-miRs on the HOK transcriptome, we standardized the
transfection efficiency of miRNA mimics in HOK cells using a DY-547 dye labeled siRNA
(siGLO) which localizes to the nucleus. Cells were transfected and analyzed for transfection
efficiency using flow cytometry and florescent microscopy after 24 hours. Qualitative
estimation using flow cytometry showed ~90% HOK positive for siGLO (Supplementary
Figure 1A). This corroborates well with the florescent images and gRT-PCR data
(Supplementary Figure 1B—C) demonstrating the presence of labelled siRNA and v-miR. We
therefore achieved high miRNA transfection efficiency to perform subsequent experiments.

HOK are common target cells for various HHV. To rule out prior contamination with HHV,
we screened commercially procured primary HOK cultures for HSV-1, HCMV and KSHV.
Using virus specific primers, no amplification of HSV-1, HCMV or KSHV DNA was
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detected among the four donors examined (Supplementary Figure 1D-F). As expected, the
positive control viral template demonstrated amplification (Lane 5; P). Similarly, PCR
control also showed amplification (PCR; Supplementary Figure 1D—F). Overall, these
results clearly show that our HOK cultures were free of HSV-1, HCMV and KSHV
contamination.

Having established that miR-H1 and K12-3-3p expression are induced in oral inflammatory
disease, we next examined the functional significance of these v-miRs in HOK. Total RNA
isolated from v-miRs or control mimic transfected HOK were analyzed for differentially
expressed genes using microarrays. Compared to control mimic, our results show expression
of many genes significantly (p<0.05) altered in both miR-H1 and miR-K12-3-3p transfected
HOK. In the miR-H1 dataset, we found 1376 genes that were differentially expressed (cut-
off 1.25-fold), of which 618 were upregulated while, 758 were downregulated (Figure 2A).
For miR-K12-3-3p, 1377 transcripts displayed differential expression. Among these 613 and
764 were up- and down-regulated, respectively (Figure 2B). We also examined the
convergent and divergent expression of genes in miR-H1 and miR-K12-3-3p expressing
HOK. The Venn diagram in Figure 2C shows that 408 genes were common to both v-miRs
while, 968 and 969 transcripts were unique to miR-H1 and miR-K12-3-3p, respectively.

To confirm the microarray data, we examined the levels of 9 differentially expressed genes
(unique and common) from miR-H1 and miR-K12-3-3p datasets by quantitative PCR in a
separate cohort of v-miR transfected HOK. Caspase 3 and GPR25 were unique to miR-H1
while TP53AIP1 was deregulated only in miR-K12-3-3p transfected cells. Six other genes
(FBXO6, IKBIP, RAB3B, CAECAM1, MMP13 and HH1BD1) common to both miR-H1
and miR-K12-3-3p datasets were also evaluated. Compared to control mimic, caspase 3 was
significantly downregulated and GPR25 was upregulated in miR-H1 transfected cells
(Figure 2D). Expression analysis of miR-K12-3-3p regulated genes show reduced expression
of TP53AIP1 (Figure 2D). Similarly, commonly downregulated (IKBIP and RAB3B) and
upregulated (FBXO6, CAECAM1, MMP13 and HH1BD1) genes from microarray exhibit
similar gene expression profiles in RT-PCR analysis (Figure 2D). Thus, expression profiles
of genes assessed by RT-PCR analysis corroborates with our microarray data. Overall, these
results show that v-miRs identified in clinical samples are functionally relevant as they can
alter expression of various host genes in a key target cell, HOK.

Multiple pathways relevant to HHV infection are associated with differentially expressed

genes

To translate the microarray data into functional biological information, we utilized Ingenuity
Pathway Analysis (IPA) to gain insights into networks, functions and pathways associated
with the v-miR-mediated transcriptomic response. Our results show that miR-H1 and miR-
K12-3-3p target various pathways that can be beneficial for virus survival, replication,
immune evasion and persistence in HOK. For miR-H1 the most relevant pathways identified
include endocytosis, cell cycle regulation, cell survival and apoptosis, NFxB signaling, actin
cytoskeleton rearrangement, and p38 kinase pathway, among others. Supplementary Table 2
lists the top ten pathways and the p-values identified in our analysis. miR-H1 targets various
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genes involved in integrin signaling pathway. Figure 3A shows the integrin pathway
associated genes with miR-H1 downregulated genes highlighted in green.

Analysis of miR-K12-3-3p regulated genes reveal various affected pathways. These include
cell proliferation and migration, viral replication, NFxB signaling, cell cycle regulation,
inflammation, etc. Supplementary Table 3 lists the top ten pathways and the p-values
identified in our analysis. GPCR signaling is among the miR-K12-3-3p targeted pathways
affected with downregulation of multiple genes in this network (Figure 3B, highlighted in
green).

Comparison of pathways related to miR-H1 and miR-K12-3-3p data revealed unique
pathways of each v-miRs. For instance, insulin/IGF pathway-protein kinase B signaling and
N-acetylglucosamine metabolism were specifically identified in miR-H1 pathway analysis
while JAK/STAT signaling, synaptic vesicle trafficking, and p38 MAPK pathway were
uniquely regulated by miR-K12-3-3p. It can be noted that pathways listed in Supplementary
Tables 2 and 3 have large number of differentially expressed genes. Therefore, for
representation we used pathways with fewer number of genes in the network. These findings
suggest v-miRs modulate specific pathways and hence function of host cells thereby
contributing to viral infection and pathogenesis.

Identification of potential direct gene targets of miR-K-12-3 and miR-H1

In general, miRNAs and their direct target genes exhibit antagonistic expression patterns.
We therefore selected all the downregulated genes from miR-H1 and miR-K12-3-3p datasets
and scanned for potential v-miR binding sites [50].

miR-K12-3-3p target prediction analysis of downregulated genes revealed hundreds of
potential binding sites. Using stringent parameters, we obtained 110 different interactions.
While most of the genes exhibit one miR-K12-3-3p binding site, some genes showed two or
rarely three different binding sites. The less stringent analysis yielded 207 different
interactions that satisfy our potential binding site criterion. In this case, we noted that most
of the genes possessed single miR-K12-3-3p binding sites and only a few genes were
identified with multiple binding sites. However, this number was higher than observed with
the stringent analysis. For instance, SLC9A6 exhibit two miR-K12-3-3p binding sites at
position 322 and 2257 while, GRAUCH2L also harbor two different predicted miR-
K12-3-3p sites at nucleotide positions 33 and 69.

MiRNA-target prediction analysis was also performed using miR-H1 and downregulated
genes. Using highly stringent parameters, 163 target interactions were obtained. With
relaxed stringency, we obtained 197 different target interactions. As expected, more target
binding sites were observed with relaxed parameters. However, compared to miR-K12-3-3p
where stringent and relaxed parameters yielded 110 and 210 interactions, respectively, we
did not notice profound differences in the miR-H1 analysis.

Biochim Biophys Acta. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Naqvi et al.

Page 11

miR-H1 directly regulates multiple host genes involved in immune response and

autophagy

To validate the in silico predicted v-miR binding sites on various host genes, we focused on
miR-H1 targeted genes with known functions in immune response and autophagy. The
3’UTR of four genes including Leukemia Inhibitory Factor Receptor Alpha (LIFR),
Transforming Growth Factor Beta Receptor 1 (TGFBR1), Interleukin 1 Receptor Accessory
Protein (ILLRAP), Autophagy Related 16 Like 1 (ATG16L1) encompassing miR-H1
binding sites were cloned in psiCHECK2 vector expressing both renilla and firefly
luciferase. The cloned 3’UTR of TGFBR, ATG16L1, LIFR, ILIRAP regions were 567,
1000, 1582 and 976 nucleotides long, respectively. Figure 4 (A-D) shows the sequence
alignment of miR-H1 and its predicted gene targets. We noted two highly complementary
miR-H1 binding sites on the 3"UTR of LIFR (nucleotide position 1045 and 2175) and
ATG16L1 (nucleotide position 1965 and 2609). We cloned the region that encompasses both
the binding sites for these predicted targets.

HEK293 cells were co-transfected with 3"UTR cloned or empty vector and miR-H1 or
control miRNA mimics. Dual luciferase assays show that compared with control mimic,
significantly reduced renilla luciferase activity (normalized to firefly luciferase) for LIFR,
TGFBR1 and ATG16L1 but not ILLRAP was observed in miR-H1 transfected cells (Figure
4A-D). Based on the fold reduction, marked suppression of LIFR (~3 fold) and ATG16L1
(~1.5 fold) constructs indicates a stronger interaction of miR-H1 with their UTRs.
Interestingly, we noticed two sites for miR-H1 on the 3"UTR of both LIFR and ATG16L1,
as mentioned above. The presence of multiple miRNA binding sites is known to exert more
functional silencing of target genes [51,52]. To further confirm v-miR and target gene
interaction, we performed dual luciferase assays in HOK, as the transcriptome changes were
assessed in these cells. Our results show that compared to control mimic, miR-H1 targeted
LIFR, TGFBR1 and ATG16L1 3’UTR as observed by reduction in renilla luciferase activity
(Figure 4A-D). Similar to our HEK data, luciferase assays did not show significant
reduction in ILIRAP construct suggesting that ILLRAP is not a bona-fide target of miR-H1.

Together, these results confirm that v-miR can directly bind and modulate the activity of
target host genes identified in our microarray data and further supports their widespread
functional impact on host-virus interactions.

miR-H1 regulates viral entry and productive infection in oral keratinocytes

Viral miRNAs can regulate host cellular and viral life cycle by targeting host and viral
genes. Having established that disease associated v-miRs can modulate a large array of host
genes, we next wanted to examine their impact on viral infection. To this end, we evaluated
the role of HSV-1 encoded miR-H1 on viral entry and infection in oral keratinocytes. For
entry assays, HOK were transfected with miR-H1 (1 and 2.5 pmol), or control mimic. After
36 hours, cells were infected with 5 MOI of HSV-1 gL86 (engineered with B-galactosidase
gene) strain for 6 hours. Subsequently, cells were assayed for f-galactosidase activity in the
presence of substrate ortho-Nitrophenyl-B-galactoside (ONPG). Figure 5A shows that
compared with control miRNA or mock, reduced p-gal activity was observed for miR-H1
expressing epithelial cells. This is neither due to enhanced cell death (Supplementary Figure
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2) or production of antiviral response in miR-H1 expressing cells that may restrict viral
infection (data not shown). Similar results were observed in miR-H1 transfected U937
differentiated macrophages (M¢), key regulators of mucosal immunity, that exhibit reduced
HSV-1 entry compared to control mimic (Supplementary Figure 3).

We further examined the impact of miR-H1 on productive viral infection. Epithelial cells
overexpressing miR-H1 or control mimic were infected with HSV-1 KOS strain (0.1 MOI).
This strain encodes green florescent protein-tagged (GFP) immediate early protein ICPO and
red florescent protein-tagged (RFP) viral gene gC. Both flow cytometry (GFP MFI) and
florescent microscopy data demonstrate reduced infection in miR-H1 overexpressing cells
compared with control (Figure 5B, C). However, we did not notice any delay in the
visualization of GFP (ICPO) or RFP (gC) reporter signals indicating that viral life cycle is
progressing at a normal pace. Interestingly, florescent imaging showed that unlike control
miRNA transfected cells which showed massive egress of HSV-1 as observed by the red
blebs on the cell surface (marked with white arrows; Figure 5C; upper panel), miR-H1
transfected cells may likely control release of virions. Given that miR-HL1is associated with
both the latent and productive phases, it may be highly relevant to fine-tune virion release to
minimize the immune response. These differences were not due to the cytotoxic effect of
miR-H1 as assessed by MTS viability assay (Figure 5D).

To further confirm the impact of miR-H1 on viral release, we assessed the virion formation
in the supernatant and lysates of HSV-1 infected HOK transfected with miR-H1 or control
mimic. As shown in Figure 5 (E, F), we noticed significantly reduced number of plaques in
miR-H1 transfected cells compared with control mimic after 48 hpi. The reduction in plaque
number correlates with the increased dose of miR-H1 (compare 1 and 2.5 pmol) suggesting
a negative regulation of virion formation by miR-H1. Mock infected cells showed no
plaques while, mock transfected cells were used as positive control and displayed plaque
numbers similar to control mimics (Figure 5 E, F). We also checked the levels of gD, a key
virion structure protein, in the lysates of miR-H1 or control HOK infected with virus.
Compared to control mimic, we observed reduced level of gD in miR-H1 transfected cells.
Similar to plaque assays, higher dose (2.5 pmol) of miR-H1 further reduced the gD protein
(Figure 5G). Together, these results suggest a critical role of miR-H1 in controlling viral
load in infected host cells.

DISCUSSION

Detection of HHV and their association with different oral inflammatory diseases has been
reported in numerous clinical studies [24-27]. However, viral pathogenicity factors that can
contribute to the disease remains largely unknown. In the present study, we showed
detection and increased prevalence of three v-miRs encoded by HHV in the gingival tissues
of periodontitis subjects compared to healthy controls. These findings corroborate with our
previous observation that showed increased v-miR expression in diseased human tooth pulp
[44].

The question arises as to identification of cellular reservoirs in these tissues. While we did
not detect miR-H1 in healthy tissues, both miR-US4 and miR-K12-3-3p were detected in
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both healthy and diseased periodontal tissues, albeit with higher prevalence in diseased
samples. Herpesviruses are known to exhibit broad tropism for human cells. Epithelial cells
are the primary target of HSV-1 and establish latent infection in sensory ganglia [53], while
HCMV primarily target epithelial cells but also exhibit tropism for monocytes, T cells and
NK cells [54,55]. Latent HCMV infection is established in monocyte precursors and kidney
epithelial cells. /n vivo, KSHV detection is reported in lymphoid cells, epithelial cells,
monocytes, keratinocytes as well as oral epithelial cells [56,57]. Thus, epithelial cells and
monocytes are common target cells that can potentially serve as direct viral reservoirs
expressing v-miRs. Moreover, indirect sources of v-miRs can also contribute to the detection
of these viral biomolecules. Similar to cellular miRNAs, v-miRs can be packaged into
exosomes and delivered to various cell types [58,59]. Exosomes are ubiquitously secreted
membrane bound nano-vesicles (20-100 nm in diameter) capable of transporting RNA,
miRNAs, proteins, and DNA molecules to distant cell types through membrane fusion [60].
This may permit viruses to modulate key host cell functions distally, including immunity
without directly infecting these cells. Indeed, multiple studies have shown the presence of v-
miR derived exosomes in-vivo and in-vitro signifying the functional relevance of v-miRs in
viral immunoevasion [58,61,62]. For instance, EBV miR-BART-15 is secreted in exosomes
of EBV infected B cells as well as Mg ectopically expressing v-miRs [62]. This v-miR
shares the same seed region as that of cellular miR-223 for its target NLRP3. Functionally, B
cell derived exosome-mediated delivery of BART-15 into recipient Mg suppress
inflammasome formation by silencing NLRP3 [62]. Such interactions provide an
evolutionary benefit as these sequences are less likely to undergo mutation to avoid v-miR
regulation.

It is important to note that the expression of v-miRs is dependent on not only the presence of
the virus, but also the specific stage of its life cycle. For example, miR-H1 is detected
primarily during the lytic stage, while it is not similarly expressed during viral latency
[34,63]. This is relevant because the detection of v-miRs should not be utilized to evaluate
the presence or absence of the virus in tissue biopsies. For instance, HSV-1 genome was
detected in tears and saliva of healthy human subjects [64]; however, in our study HSV-1
encoded miR-H1 could not be detected in gingival tissues of healthy individuals. Three
possible reasons may be attributed to this observed discrepancy. Firstly, herpesviruses are
shed into biological fluids like tears or saliva that contains secreted biomolecules of various
cells and tissues. However, our study used gingival tissues that may lack latent infected cells
in healthy individuals. This is supported by the multiple studies showing extremely low
detection rate of HSV-1 (and other herpesviruses) genome in gingival biopsies
[20,21,28,29]. Secondly, the sero-prevalence of herpesviruses varies geographically, thus the
rate of viral genome detection may also vary among different cohorts. Finally, our small
sample size (n=6) may further reduce the probability of viral miRNA detection. Nonetheless,
these observations cumulatively suggest that determining the clinical presence of viruses
may require detection of multiple viral derived biomolecules.

KSHYV is a known oncovirus that encodes multipe v-miRs [11,12]. Chugh et al., tested the
impact of exosomes from control and KSHC infected primary effusion lymphoma (PEL)
subjects [61]. Compared to control human plasma (CHP) derived exosomes, HUVEC cells
treated with exosomes derived from PEL patients showed increased cell migration capacity.
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These observations demonstrate a key role of v-miRs in moduating paracrine signaling
leading to aberrant cellular functions. Considering that exosomal-derived v-miRs can
theoretically be delivered to any cell type, v-miRs can be considered as broad spectrum
virulence factors. While copious amounts of life cycle associated v-miRs are produced in
both the latent as well as lytic phases of viral infection, the functional relevance of v-miRs as
virulence factors is plausible in latency where they have ample time to downmodulate target
genes in a wide range of host cells, in particular immune cells. This provides a
microenvironment that may favor viral persistence or spread. Overall, non-immunogenic v-
miRs are employed as tools by certain viruses to modulate functions of a wide range of non-
permissive cells.

Viral miRNAs perform unique biological functions that can regulate virus life cycle switch,
cell tropism, persistence and immune evasion [65]. While several studies focus on
identifying direct targets of viral miRNAs, we used a novel approach of profiling global host
transcripts under potential regulation of our candidate v-miRs. Using this strategy, pathway
analysis of these altered genes highlighted various networks modulated by v-miRs that can
alter key host pathogen defense mechanisms. For example, miR-K12-3-3p inhibits
endocytosis by downregulating multiple genes involved in the pathway. Given the
significance of this pathway in pathogen clearance, antibody-mediated antigen uptake,
antigen processing, etc., this may be highly detrimental for host cells. Consistent with this
notion, we previously showed that primary M¢ transfected with miR-K12-3-3p showed
reduced uptake of whole £. coli[66]. Similarly, other pathways relevant to HHV persistence
were also inhibited. These include cell replication, GPCR signaling, cell death, cell
adhesion, etc. Moreover, employing /n silico target prediction analysis, we identified
hundreds of potential v-miR binding sites on the 3" UTRs of downregulated genes, even with
stringent parameters [50; see Tables 1, 2 and supplementary data]. These genes are
potentially regulated by v-miRs as our microarray data shows reduced mRNA levels and /n
sifico analysis identifies single or in some cases, multiple v-miR binding sites suggesting
that v-miR binding to host mRNA leads to transcript degradation. We have validated three
novel v-miR binding sites on downregulated mRNAs, further validation of other predicted
sites is required. Nonetheless, this information is highly valuable in focusing on the genes/
pathways that are under direct regulation of viral miRNAs. Together, our results highlight
findings that HSV v-miRs can modulate multiple cellular functions thereby potentially
compromising host defense mechanisms aimed at countering viral infection and survival.
These results also strengthen the plausible role of v-miRs as key pathogenic factors that can
contribute to oral inflammatory disease progression.

Our microarray data coupled with /n7 sifico and dual luciferase assays identified three novel
host genes viz., LIFR, ATG16L1 and TGFBR1 that are directly regulated by miR-H1. While
LIFR and TGFBR1 are important for activation of immune cells, cell proliferation and
differentiation, the role of ATG16L1 in autophagy and antiviral response has been reported.
Both LIFR and TGFBR1 are key receptors for two pleiotropic cytokines LIF and TGFB,
respectively. LIF is a member of IL-6 cytokine family and is known to modulate cell
proliferation, differentiation, survival, immune cell chemotaxis, immune tolerance, etc., [67].
These properties suggest an antiviral function of LIF receptor (LIFR). Indeed, LIFR alpha
(or CD118) deficient mice exhibit increased susceptibility to HSV-2 which was attributed to
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reduced infiltration of cytotoxic (CD8) T cells and reduced IFN gamma (IFN-y) production
[68]. LIF has both pro- and anti-inflammatory properties depending on the tissue and the
form of inflammatory stimuli [69,70]. Using a complete Freund’s adjuvant (CFA)-induced
cutaneous inflammation model, LIF was shown to regulate IL-1p, IL-6, IL-7, IL-2Ra., and
IFN-y expression [70]. It is thus likely that miR-H1 mediated suppression of LIFR observed
in our study would likely attenuate LIF signaling causing reduced secretion of pro-
inflammatory cytokines. Consistent with this, we observed decreased pro-inflammatory
cytokine and chemokine levels in culture supernatants of miR-H1 transfected primary Me
challenged with whole E. coli [66].

Another key cytokine target of miR-H1 validated in this study is TGFBRX. Similar to LIFR,
this gene encodes for a receptor for the pleiotropic cytokine, TGFp which is involved in
maintaining self-tolerance via the regulation of lymphocyte proliferation, differentiation, and
survival [71]. TGFB interactions with TGFBR1 trigger SMAD dependent or independent
signaling that activates immune-suppressive gene required during the resolution of
inflammation or wound healing [71]. Periodontitis is a consequence of an overt,
uncontrolled immune response triggered by microbial challenge. Thus, downregulation of
TGFBR1 by miR-H1 noted in our microarray data suggest that this v-miR may attenuate
resolution of inflammation thus exacerbating local inflammation. Further, it is possible that
miR-H1-mediated interference with host immunosuppressive signaling will lead to increased
pro-inflammatory cytokine levels thus directly contributing to periodontal inflammation.

Autophagy is an essential host antiviral pathway that rapidly clears endocytosed virus.
Evidently, suppression of this pathway can favor long-term virus survival. In particular,
HSV-1 have evolved various mechanisms to block autophagy. We show that miR-H1
downregulate ATG16L1 mRNA by directly interacting with its 3"UTR. This gene, through
its interaction with ATG12-ATG5, facilitates production of an active component of
autophagy viz., LC3-11 [72,73]. Thus, miR-H1 reduction in ATG16L1 may favor virus
persistence. ATG16L1 is also reported to participate in the autophagic clearance of bacteria.
Intracellular sensors such as the Nod-like receptors Nod1 and Nod2, recruit ATG16L1
resulting in coalescence of bacteria-triggered autophagosomes thus triggering autophagic
responses against various intracellular bacteria [74]. Given that both bacteria and viruses are
major etiological factors in periodontal pathogenesis, the potential role of viral miRNA
(miR-H1) in subverting cellular responses and restricting infection of both pathogens
through silencing a key host factor (ATG16L1) is highly significant. Besides its role in
autophagy, ATG16L1 is shown to regulate antiviral responses [75]. Post-transcriptional
silencing of ATG16L1 by miR-H1 observed in our study suggest that this v-miR can benefit
virus to overcome not only autophagy-mediated virus clearance but also by attenuating
hosts” antiviral responses.

Employing two different assays for viral infection in HOK cells, we observed reduced
HSV-1 entry in miR-H1 transfected cells compared with control mimic. Global pathway
analysis of miR-H1 modulated genes identified endocytosis, cell movement and cytoskeletal
rearrangement pathways which may interfere with the uptake of HSV-1. This corroborates
with the reduced uptake of whole £. co/iby miR-H1 transfected primary M¢ [66]. Indeed,
endocytosis is required for efficient uptake of HSV-1 and suppression of this pathway can
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attenuate viral entry. For instance, enhanced endosomal pH by bafilomycin, ammonium
chloride and monensin blocked HSV-1 in keratinocytes [76]. Thus, miR-H1 mediated
silencing of endocytosis pathway allow this v-miR to restrict virion entry in an HSV-1
infected cell. Further, using dual reporter recombinant HSV-1 virus, we also noted reduced
expression of early (ICPO-GFP) as well as late (gD-RFP) proteins in miR-H1 expressing
HOK. The lack of detectable miR-H1-mediated cell death and antiviral response (IFN-a./p)
strongly suggests other operating mechanisms. Over millions of years, HSV-1 have
coevolved to infect host cells, as evidenced by the widespread global seroprevalance, but
with minimal damage to host cell/tissue except for neonates and immunocompromised
individuals [77]. An important question is what molecular cues HSV-1 have evolved to
maintain this successful interaction with its host. HSV-1 is known to encode miRNA genes
that provides an ingenious way to fine tune both viral and host functions. miR-H1 expressing
HOK show entry and infection, however, it appears more tightly regulated compared to
control transfected cells. It is plausible that miR-H1 may regulate HSV-1 entry into
previously infected cells and facilitate optimization of virion generation during the
productive phase. High miR-H1 expression during productive as well as latency cycle
further support this notion [78]. Moreover, controlled virion production will facilitate virus
spread effectively without triggering an antiviral response. Interestingly, two newly
identified HSV-1 miRNAs, viz., miR-H28 and miR-H29 are reported to regulate HSV-1
infection and spread [58]. Similar to miR-H1, both v-miRs are produced during productive
infection, are exported into exosomes and prevent spread and infection of HSV-1.
Importantly, miR-28 and miR-29 are expressed in reactivated murine ganglia but not during
latent infection strongly suggesting their specific role in infection. Besides miRNAs, HSV-1
is also known to encode two other small RNAs viz., small non-coding RNA (sncRNA) 1 and
2 [79]. These sncRNAs are encoded by the LAT transcript and cooperates with RIG-I to
consistently stimulate IFN-B promoter activity and NF-xB dependent transcription. Through
activation of type | interferon, these sncRNAs reduce HSV-1 replication efficiency and thus
maintain latency [80]. Concurrently, NF-xB dependent transcription of anti-apoptotic genes
promote survival of virus-infected cells [81]. Given their crucial role in viral persistence,
examination of these small RNAs in oral inflammatory disease will reveal novel insights on
their role in the pathogenesis. Together, these findings reveal that HSV-1 has evolved an
ingenious strategy in which multiple small RNAs namely miR-H1 reported in this study),
miR-H28, miR-H29 [58] and sncRNA 1 and sncRNA 2 [79,80] are employed as non-
immunogenic, paracrine regulators of host-virus interaction that allow successful persistence
and spread of virus. One such mechanism involves controlled virus production.

Overall, our gene profiling, target prediction and validation data suggest that v-miRs can use
multi-prong approaches to suppress immune activation, interfere with resolution of
inflammation, a key component of wound healing, as well as facilitate viral persistence
within the host. In combination with additional environmental factors and bacteria challenge
with periodontal pathogens such as Porphyromonas gingvalis, Aggrebacter
actinomycetemcomitans, etc., it is plausible that periodontitis induced herpesvirus derived
miRNAs can exacerbate the severity of disease. Using anti-v-miR strategies in conjunction
with conventional periodontal therapies may provide better treatment options. Interstingly, in
support of this notion, Sunde et al., [82] showed that treating an EBV positive patient with
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recurent periodontitis with antiviral drug (Valtrex) remarkably reduced viral titres in
subgingival tissue and improved periodontal health. This study, for the first time, reveal
clinical as well as biological relevance of HHV derived pathogenic components (v-miRs) in
oral infection. The findings will pave the way for future research to dissect key pathways/
molecules targeted by v-miRs that can be of therapeutic value for the treatment oral
inflammtory disease including periodontitis, pulpitis, and peri-implantitis.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. The impact of three viral miRNAs (v-miRs) from the human herpesvirus
family, HSV-1 (miR-H1), KSHV (miR-K12-3-3p), and HCMV (miR-US4) on
the transcriptome of human oral keratinocytes and macrophages were
investigated.

. These v-miRs were previously identified in biopsies derived from healthy and
diseased periodontal (gingival) tissues.

. Functionally characterization of these viral microRNAs revealed their
significant effects on cellular function.

. Our results demonstrate that v-miRs regulate both host and viral functions and
may contribute to the pathogenesis of inflammatory oral diseases.
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Figure 1. Increased expression of viral miRNAs in diseased periodontal tissues
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Expression analysis of candidate viral miRNAs in healthy and diseased gingival samples.

Total RNA was isolated from healthy and diseased tissues (n=6 subjects/group). Expression
of three viral miRNAs (A) miR-H1, (B) miR-K12-3-3p and (C) miR-US4 were detected by
quantitative RT-PCR. (D) Quantification of HSV-1 encoded ICPO transcript was assessed by
RT-PCR in healthy and diseased gingival biopsies. Numbers of positive samples are
mentioned for each group. Student’s t-test was used to calculate p-values. **p<0.01;

***0<0.001.

Biochim Biophys Acta. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nagqvi et al. Page 24
Differentially expressed mRNAs 14 CASP3 oF) GPR25 #* 2 TP53AIP1
in hsv1 miR-H1 transfected HOK ‘g’n.z o 24
] C R ]
21 = S0 *
o o 34 (4]
Upregulated Downregulated E °-: - E Eu 6
g . g’ 1 204
618 758 £04 £ mi N
B 1 4 0 4 0 L X, .
Differentially expressed mRNAs in Control  miR-H1 Coneol. TRt Costl it
iR- - 14
kshv miR-K12-3 transfected HOK : FEXO6 o 14 ! IKBIP g RAB3B
= * 212 &1
g ! it s | £, .
Upregulated Downregulated B L8 ¥* o 0s
5 8 u.s e 0.6 * %
613 764 Y 3 2 o‘d ¥k k ..% o
= ™ 3
- l 02 & o2
xy = 04 .
C Control miR-H1 miR-K12-3 Control mIR-H1 miR-K12-3 Control miR-H1 miR-K12-3
CAECAM1 6 MMP13 o HH1BD1
ol @ * =] *
o * % g = g3
HSV-1 KSHV st 2 S s
5. = 2 3 .
miR-H1 408 mir-K12-3 2 3] g !
968 969 g 2 £
2. g, s
- [ | 05
[] e | o«
xo 0 0
Control miR-H1 miR-K12-3 Control miR-H1 miR-K12-3 Control miR-H1 miR-K12-3

Figure 2. Differential expression of host genes in miR-H1 and miR-K12-3-3p transfected HOK
Viral miRNA transfected HOK cells were assessed for whole transcriptome using

microarray analysis. The number of upregulated and downregulated genes in (A) miR-H1
and (B) miR-K12-3-3p transfected cells (n=4). (C) Venn diagram showing list of unique and
commonly expressed genes in miR-H1 and miR-K12-3-3p overexpressing HOK. (D)
Validation of selected differentially expressed genes by quantitative RT-PCR in a second
cohort of HOK cultures. Total RNA isolated from miR-H1, miR-K12-3-3p and control
transfected HOK were analyzed for the expression of differentially expressed genes by
quantitative RT-PCR. Data is presented as £SEM of four independent experiments. Student’s

t-test was conducted to calculate p-values. *p<0.05, **p < 0.01
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Figure 3. Pathway analysis identified key cellular functions targeted by viral miRNAs
(A) miR-H1 targets genes involved in the integrin signaling pathway. Pathway depicting

multiple differentially expressed genes regulated by miR-H1 using Ingenuity Pathway
Analysis (IPA). Table lists miR-H1 altered genes involved in integrin signaling with fold
change. (B) miR-K12-3-3p targets genes involved in the endocytic pathway. Pathway
depicting miR-K12-3-3p downregulated genes involved in GPCR signaling assessed by IPA.
Table lists genes involved in GPCR signaling with fold change.
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Luciferase reporter constructs were generated by cloning the 3'UTR of LIFR, ATG16L1,
TGFBR and IL1IRAP downstream of the renilla luciferase in psiCHECK2. (A-D) Top panel
shows the sequence alignment of the predicted miR-H1 (in red) binding site on the target
and gene (in black). HEK293 and HOK cells were transiently co-transfected with reporter
construct and either miR-H1 or control mimics. Constitutively expressed firefly luciferase
readings were used for normalization. Histograms shows impact of miR-H21 on normalized
renilla activity compared to experimental controls. Error bars represent mean + SD from
three biological replicates. P-values were calculated using Student’s t-test. *p<0.05;

**p<0.01; ***p<0.0001
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Figure 5.
miR-H1 control HSV-1 entry and infection in host cell. (A) HOK were transfected with

miR-H1 mimic, control mimics or mock transfected. To examine the impact of miR-H1 on
viral entry, cells were incubated HSV-1 (gL86) at 10 MOI. B-galactosidase activity was
assayed by providing substrate (ONPG) 6 h.p.i. Histograms show absorbance (yellow color)
at 450 nm quantified on a plate reader. (B) miR-H1 or control infected cells were assessed
for productive infection using dual reporter expressing HSV-1 (KOS). After 24 hours, GFP
(ICPOQ) florescence was measured by flow cytometric analysis. Geometric MFI (of GFP)
were normalized with respect to untransfected cells and the percent values are shown as
histograms. (C) Representative images showing florescent-tagged HSV-1 early (ICPO;GFP)
and late (gC;RFP) proteins in miR-H1 or control mimic transfected cells. Scale bar:100um.
(D) Impact of v-miR or control mimic and HSV-1 (gL86) infection on the viability of HOK
was evaluated by MTS assays. Histograms showing percent absorbance (at 490 nm) for
untransfected, mock, miR-H1 or control mimics. Plaque assays show virion formation in the
(E) supernatant and (F) lysates of HSV-1 infected HOK cells expressing miR-H1 or control
mimic. Colony numbers are mentioned for each sample below corresponding well. (G)
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Immunoblot showing accumulation of late protein gD in the lysates of the same samples.
GAPDH was used a loading control. Error bars represent mean + SD from three biological
replicates. P-values were calculated using Student’s t-test. **p<0.01; ***p<0.0001
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