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Abstract: The Epstein–Barr virus (EBV) is a ubiquitous γ herpesvirus strongly associated with
nasopharyngeal carcinomas, and the viral oncogenicity in part relies on cellular effects of the viral
latent membrane protein 1 (LMP1). It was previously described that EBV strains B95.8 and M81 differ
in cell tropism and the activation of the lytic cycle. Nonetheless, it is unknown whether LMP1 from
these strains have different effects when expressed in nasopharyngeal cells. Thus, herein we evaluated
the effects of EBV LMP1 derived from viral strains B95.8 and M81 and expressed in immortalized
nasopharyngeal cells NP69SV40T in the regulation of 91 selected cellular miRNAs. We found that
cells expressing either LMP1 behave similarly in terms of NF-kB activation and cell migration.
Nonetheless, the miRs 100-5p, 192-5p, and 574-3p were expressed at higher levels in cells expressing
LMP1 B95.8 compared to M81. Additionally, results generated by in silico pathway enrichment
analysis indicated that LMP1 M81 distinctly regulate genes involved in cell cycle (i.e., RB1), mRNA
processing (i.e., NUP50), and mitochondrial biogenesis (i.e., ATF2). In conclusion, LMP1 M81 was
found to distinctively regulate miRs 100-5p, 192-5p, and 574-3p, and the in silico analysis provided
valuable clues to dissect the molecular effects of EBV LMP1 expressed in nasopharyngeal cells.
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1. Introduction

Cancers are an important cause of human mortality and lethality in adults world-
wide, being the second leading cause of global deaths in 2013 [1]. In 2008, 16% of all
cancer cases were related to infection, and over 67% of these were viral agents [2–4].
Epstein–Barr virus (EBV) is a human γ herpesvirus associated with many cancers, notably
Burkitt lymphoma and undifferentiated nasopharyngeal carcinoma (NPC) [2,5,6]. EBV is
ubiquitous and causes lifelong latent infection in over 90% of adults worldwide [2]. The
primary infection is usually asymptomatic but can be associated with clinical signs of
infectious mononucleosis, mostly in cases of late exposure to EBV [7].

NPC is strongly associated with EBV infection, notably the undifferentiated form—in
which EBV is detected within the neoplastic cells in virtually all cases. NPC is an aggressive
epithelial cancer, prone to invade adjacent tissue and lymph nodes [8]. The disease has a
poor prognosis, and it was responsible for over 86,000 new cases and 50,000 deaths world-
wide in 2012, being more prevalent in men [2,9]. The incidence of NPC changes according
to geographic localization, and the disease is endemic in southeast Asia, southwest China,

Genes 2022, 13, 353. https://doi.org/10.3390/genes13020353 https://www.mdpi.com/journal/genes

https://doi.org/10.3390/genes13020353
https://doi.org/10.3390/genes13020353
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0002-6178-2099
https://orcid.org/0000-0002-8278-240X
https://orcid.org/0000-0001-5562-9648
https://doi.org/10.3390/genes13020353
https://www.mdpi.com/journal/genes
https://www.mdpi.com/article/10.3390/genes13020353?type=check_update&version=2


Genes 2022, 13, 353 2 of 15

and Micronesia. Besides EBV infection, risk factors for NPC include other environmental
exposures (e.g., nitrosamides, tobacco, insufficient ventilation of dwellings) and genetic
factors, such as polymorphisms in genes encoding leukocyte antigen (HLA) class I and class
II molecules, the heat shock 70 kDa protein (HSP 70) or the polymeric immunoglobulin
(Ig) A receptor. Furthermore, the NPC incidence may also be influenced by different EBV
strains [10–12].

The progression of EBV-associated cancers can be affected by the activity of viral gene
products [13,14]. In this regard, the Latent Membrane Protein 1 (LMP1)—one of the major
EBV oncoproteins—induces a variety of changes in cell behavior, including proliferative
and survival capabilities [15], altered cell adhesion, extracellular matrix (ECM) and vascular
remodeling, and an increase in cell motility. Ultimately, these processes may lead to a more
aggressive and metastatic carcinoma [16–18].

Different EBV viral strains can distinctly influence the behavior of infected cells. For
instance, EBV strains GP202 (isolated from gastric cancer), B95-8, and AKATA (both from
lymphomas) were reported to induce cell growth more efficiently than M81 (obtained from
NPC), YCCEL1, or SNU719 (both from gastric cancer) [19]. M81 was also reported to behave
differently from the viral prototype strain B95-8 (isolated from Burkitt lymphoma), SNU719,
GP202, or YCCEL1, showing a higher affinity for epithelial cell infection (consistent with
its epithelial cancer origin) and higher capability of lytic cycle induction [19,20]. Notably,
chromosomal instability can be achieved by a high expression of the lytic gene BZLF1 and
recurring induction of the lytic cycle, leading to increased transformation properties and
higher risk for NPC [19].

LMP1 may affect endogenous microRNA (miRNA) expression in both B cells and
epithelial cells, causing effects relevant to cancer progression [21–24]. Essentially all phe-
nomena related to cancer progression can be regulated by microRNAs [25–29], and different
EBV strains may show unique biological properties. Thus, it is plausible to assume that dis-
tinct EBV strains may regulate a unique set of human miRNAs, with possible consequences
for EBV-induced carcinogenesis. Based on these premises, in this study, we investigated
whether nasopharyngeal cells expressing LMP1 from M81 or B95.8 strains differ in miRNAs
expression and examined the possible consequences regarding cell signaling pathways by
in silico analysis.

2. Materials and Methods
2.1. Cell Culture

The cell lines HEK293 (RRID:CVCL_0045) and NP69SV40T (hereafter referred to as
NP69; RRID:CVCL_F755;) were used in this study. HEK293 is an immortalized human
embryonic kidney cell line harboring DNA fragments from type 5 adenovirus [30]. NP69
cells were generated by immortalizing primary nasopharyngeal epithelial cells with the
SV40 large T antigen, and they retain many characteristics of normal nasopharyngeal cells
(e.g., the profile of keratin expression and responsiveness to TGFβ inhibition). Despite some
genetic alterations also found in nasopharyngeal carcinomas, NP69 is non-tumorigenic and
highly responsive to the EBV LMP1 expression [31]. Based on that, this cell line was used to
assess the expression of human microRNAs and behavioral changes induced by expression
of EBV LMP1 derived from strain B95.8 and M81.

Both cell lines had their genetic identity assured by short tandem repeats (STRs)
profiling using the GenePrint 10 system (Promega, Madison, WI, USA), and they were
verified to be free of mycoplasma contamination by a PCR-based assay. HEK293 cells
were maintained in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with
10% Fetal Bovine Serum (FBS) and 0.4% gentamicin, while NP69 cells were cultivated
with Keratinocyte Serum-Free medium (K-SFM-Life Technologies, Carlsbad, CA, USA)
supplemented with 5% FBS, 25 µg/mL of Bovine Pituitary Extract (BPE), 0.2 ng/mL of
Epidermal Growth Factor (EGF), and 1% Gentamicin. Both were cultivated at 37 ◦C in a
humid atmosphere with 5% CO2.
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2.2. LMP1 Constructs and Cell Transfections

The open reading frames (ORF) for LMP1 derived from EBV strains B95.8 and M81
were retrieved from recombinant virus constructs kindly provided by Prof. Henri-Jacques
Delecluse (German Cancer Research Center, Heidelberg, Germany). Recombinant DNA
plasmids were assembled with the F factor-based prokaryotic replicon, pMBO131, with
flanking regions for homologous recombination of the viral genome [32,33]. The obtained
ORFs were transferred to the pEF1α-IRES-ZsGreen1 backbone vector (Clontech, Mountain
View, CA, USA), allowing the detection of LMP1-expressing cells due to the simultaneous
expression of a green fluorescent protein (GFP) reporter. The EBV LMP1 ORFs were
amplified from the original vectors using primers harboring restriction sites for the enzymes
EcoRI and BamHI, used for unidirectional cloning (see Additional File 1: Table S1).

The new LMP1-encoding constructs (Supplementary Figure S1), dubbed pZsG-LMP1-
B95.8 and pZsG-LMP1-M81, were validated by Sanger DNA sequencing and the sequences
were deposited in GenBank (Accession codes #MN062162 and #MN062163). For transient
cellular transfections, 0.7 × 105 cells were seeded in 24-well plates 24 h prior to the assay,
carried out with the pZsGreen backbone, pZsG-LMP1B95.8 or pZsG-LMP1M81 constructs,
and Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) as the transfec-
tion reagent, following the manufacturer’s recommendations. Subsequent assays were
performed 48 h post-transfection (Supplementary Figure S2).

2.3. Luciferase Assay and Cell Migration In Vitro

Both assays were performed with 0.7 × 105 cells (HEK293 or NP69) seeded into
24-well plates 24 h prior to transfection, and the cells were used for experiments 48 h
post-transfection. The luciferase reporter assay was performed with HEK293 cells (given
its high susceptibility to liposomal transfection) to validate the EBV LMP1 activity using
its effect on NF-κB activation as a proxy. Briefly, HEK293 cells were co-transfected with
the pEF1α-IRES-ZsGreen1 backbone vector or the LMP1 B95.8 and M81 constructs, along
with pcDNA3.1-NF-κBLuc, for the expression of firefly luciferase under the control of
a NF-κB-responsive element) [34], and Promega pGL4.74 (for constitutive expression of
Renilla luciferase, to normalize results for the transfection efficiency levels). Results were
generated in 96-well white plates using the Dual-Luciferase® Reporter Assay System and
the GloMax Explorer device (both manufactured by Promega).

The rates of cell migration in vitro were assessed with the scratch wound healing assay.
Images were taken at the time of the scratch and 24 h later (48 and 72 h post-transfection)
were evaluated using the TScratch software [35] to estimate the percentage of closure of the
wounded area in the cell monolayer.

For all assays, the results were obtained from three independent experiments per-
formed with triplicates. The analysis of data was performed with Student’s t-test, taking a
p-value ≤ 0.05 as statistically significant.

2.4. MicroRNA Expression Analysis

The analysis of miRNA expression was performed with a custom panel of 91 human
miRNAs (see Supplementary Table S2), selected based on literature data showing changes
in expression observed in NPC or other human cancers, associated or not with EBV. These
experiments were performed with NP69 cells transfected with the pEF1α-IRES-ZsGreen1
backbone vector and the constructs pZsG-LMP1-B95.8 and pZsG-LMP1-M81. After trans-
fection, the cells were subjected to FACS (Supplementary Figure S3 and Table S3) to recover
GFP-positive cells, aiming to enrich cells successfully transfected with the vectors for LMP1
expression. Briefly, the transfected cells were cultivated for 48 h post-transfection, then
detached and flowed through a 70 µm filter. GFP-positive cells were sorted using a BD
FACS Aria III (BD Bioscience, San Jose, CA, USA), pelleted by centrifugation, and cryopre-
served in liquid nitrogen. Afterward, the enriched NP69 transfected cells were subjected to
miRNAs-enriched RNA extraction with the miRNeasy® Mini Kit, reverse-transcribed using
miScript II RT Kit, then validated with the miScript® QC PCR Array system (all Qiagen
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products), following the manufacturer’s instructions. Upon successful quality validation of
samples, the qPCR assays were performed using a customized miScript miRNA PCR Array
platform (Qiagen, Valencia, CA, USA) with the threshold and baselines determined by the
manufacturer’s recommendations. Statistics analyses were performed using the online soft-
ware provided by the GeneGlobe Data Analysis Center (Qiagen’s mirScript miRNA PCR
Arrays & Assays), using the recommended parameters and three endogenous controls. The
experiments were performed with biological triplicates (Supplementary Tables S4 and S5).

2.5. MiRNA’s Targets Prediction and Pathway Enrichment Analysis

The miRNAs showing differential expression (p-value ≤ 0.05) with a fold change
of ± 1.2 were selected based on the following comparation sets: (1) EBV LMP1 B95.8 vs.
control (backbone vector); (2) EBV LMP1 M81 vs. control; and (3) EBV LMP1 M81 vs. EBV
LMP1 B95.8. The selection of cut-off points was performed as reported previously [36,37].
The differentially expressed miRNAs from sets 1, 2, and 3 were subjected to target prediction
analysis using the mirDIP online tool [38,39], and the top 1% target genes were subjected to
the pathway-enrichment analysis using the ReactomeFIViz [40] plugin in the Cytoscape
software [41]. Further details are available in the Supplementary Material.

3. Results
3.1. Cells Expressing EBV LMP1 from Viral Strains B95.8 and M81 Behaves Similarly in Terms of
NF-κB Activation and Cell Migration Rates In Vitro

EBV LMP1 is known to activate NF-κB, and this property can be used as a proxy
to validate the functional integrity of LMP1 expressed ectopically. To verify whether the
constructs generated to allow the expression of functional LMP1, the activation of NF-kB
was measured in HEK293 cells using a luciferase reporter assay with luciferase being
expressed in an NF-kB-dependent manner. HEK293 cells expressing EBV LMP1 showed
a ninefold increase in NF-κB activation compared to the cells transfected with the empty,
backbone vector, and a significant difference was observed considering the activation levels
obtained by LMP1 from strains B95.8 and M81 (Figure 1A). Thus, the viral oncoprotein
expressed by both LMP1 constructs is functional, and the LMP1 encoded by either of the
viral strains activates NF-κB at similar levels.

Furthermore, transiently transfected NP69 cells expressing LMP1, as confirmed by
RT-qPCR, showed higher migration rates compared to the control (15% and 26% for M81
or B95.8 variants, respectively, (see Figure 1B)). Additionally, both EBV LMP1-encoding
constructs could induce increased cell migration in vitro, but no significant differences
were found comparing the LMP1 derived from EBV strains M81 and B95.8.

3.2. EBV LMP1 Modulate miRNA Expression in NP69SV40T Cells

Although it is known that the EBV strains B95.8 and M81 have distinct biological
features [20], it remains to be better understood whether their differences also impact the
oncogenic properties of the virus. We aimed to investigate this by interrogating whether
LMP1 from different viral strains has different effects on miRNA expression, which may also
give relevant clues on broad cellular effects of this major EBV oncoprotein. Changes in the
levels of selected miRNAs were evaluated in NP69 cells expressing LMP1 derived from viral
strains B95.8 or M81, enrichment for GFP-positive cells by FACS (Supplementary Figure S3
and Table S3). The customized qPCR array used allowed the evaluation of 91 selected hu-
man miRNAs (Supplementary Table S2), and the raw results were subjected to data normal-
ization prior to the downstream analysis (Supplementary Tables S4 and S5, respectively).
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ciferase and migration assays with HEK293 (A) and NP69SV40T (B) cells transfected with pZsGreen
(control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors. (A) NF-κB activity assessed via Luciferase
reporter assay showing a 9-fold increase in LMP1 expressing HEK293 cells. (B) In vitro migration
assay showing an increase in migration of 26% and 15% of NP69SV40T cells transfected with LMP1
B95.8 or M81 respectively. The mean values for standard error obtained from at least three indepen-
dent experiments are shown. p values < 0.05 and < 0.005 are indicated by * and ***, respectively.

Three comparisons were performed: (1) EBV LMP1-B95.8 compared to control (dubbed
B95.8 vs. Ctrl); (2) EBV LMP1-M81 compared to control (M81 vs. Ctrl); and (3) EBV LMP1
M81 compared to EBV LMP1 B95.8 (M81 vs. B95.8). We observed the downregulation of
47 miRNAs in B95.8 vs. Ctrl (fold regulation: −1.7 to −2.9; Figure 2A), 2 miRNAs in M81 vs.
Ctrl (fold regulation: −1.6 to −2.1; Figure 2B), and upregulation of 3 miRNAs comparing
M81 vs. B95.8 (fold regulation varying from 1.7 to 2; Figure 2C). The miR-132-3p was
found downregulated in both B95.8 vs. Ctrl and M81 vs. Ctrl comparisons (fold regulation:
−2.4 and −2.1, respectively). It is worth noting that the miRNA upregulation in M81 vs.
B95.8 indicates that, compared to the control, the EBV LMP1 from B95.8 strain induced a
more robust downregulation of miRNAs compared to LMP1 derived from strain M81.

Next, we sought to perform pathway enrichment analysis in silico to extrapolate
biological significance for the obtained miRNA expression profiles. For each given com-
parison (B95.8 vs. Ctrl, M81 vs. Ctrl, and M81 vs. B95.8), we investigated the number of
predicted target genes of all differentially expressed miRNAs. We observed 11,045, 3136,
and 629 predicted genes for B95.8 vs. Ctrl, M81 vs. Ctrl, and M81 vs. B95.8, respectively.
Moreover, 315 (2.8%) targets were shared between all three comparison sets, whereas
2639 (23.5%) were shared only between B95.8 vs. Ctrl and M81 vs. Ctrl (Figure 3A).

The pathway enrichment analysis was used to obtain insights on the most relevant
cellular pathways disturbed by the regulation of miRNAs by EBV LMP1. We also evaluated
whether a given pathway identified was unique to a given comparison, aiming to identify
processes regulated specifically by LMP1 derived from viral strain B95.8 or M81. In
the B95.8 vs. Ctrl comparison set, we found pathways for genes involved in cell–cell
communication, such as integrins and cadherins (Figures 3B, 4A and 5A), while the M81
vs. Ctrl comparison showed pathways featuring genes involved in the metabolism of
RNA (RNA processing), such as NCBP1, NUP43, NUP58, POM121, and RANBP2 (gene
IDs in Supplementary Table S8) (Figures 3B, 4A and 5A, and Supplementary Table S7).
Furthermore, Death receptors, Integrin and Leptin signaling pathways were found for
comparison M81 vs. Ctrl; those three pathways have the gene SOS1 in common, which
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encodes a protein that promotes the exchange of Ras-bound GDP by GTP, favoring cell
proliferation. Additionally, the M81 vs. B95.8 comparison showed some unique predicted
pathways, including involvement in DNA replication through genes CDC7, ORC4, MCM10,
and MCM9 (Figure 5B).
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miRNAs was performed on cells transfected with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-
LMP1-M81 vectors. All results were obtained from three independent experiments. (A) A total of
47 miRNAs were downregulated in group LMP1 B95.8 vs. control vector (B95.8 vs. Ctrl), with fold
regulation between −1.7 and −2.9. (B) 2 miRNAs were downregulated in group LMP1 M81 vs.
control (M81 vs. Ctrl) with fold regulation of −1.6 and −2.1. (C) A total of 3 upregulated miRNAs
were seen in group LMP1 M81 vs. LMP1 B95.8 (M81 vs. B95.8) with fold regulation between 1.7 and
2. (D) miRNAs exclusive or commonly altered between groups. MiR-132-3p was found for both
B95.8 vs. Ctr or M81 vs. Ctrl and miR-192-5p was altered in groups B95.8 vs. Ctrl and M81 vs. B95.8.
Selected miRNAs had p-value ≤ 0.05 and fold regulation of ± 1.2.

Both comparison groups involving EBV LMP1 variant M81 (M81 vs. Ctrl/M81 vs.
B95.8) were predicted to be uniquely involved in the cell cycle (via RB1) and organelle
biogenesis and maintenance (via GABPB1 and PRKAA2) (Figures 5A, 5(B5) and Figure S7).
Additionally, the LMP1 from the M81 strain was predicted to be involved in mTOR sig-
naling (Figures 3D and 5(D3)), via genes PRKAA2 and PPM1A, for instance. All three
comparison sets were predicted to regulate the Wnt signaling through different gene sets,
but genes FZD5 and CAV1 appear to be regulated in all settings (Figures 4E and 5(B3)). The
comparisons M81 vs. Ctrl and M81 vs. B95.8 also were predicted to regulate pathways
involved in chromatin organization, extracellular matrix organization, program cell death,
vesicle-mediated transport, metabolism of proteins, gene transcription, immune system
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regulation, and important pathways in cancer, such as MAPK, TGF-β, WNT, VEGF, and
IGF1R (Figures 3D, 4E–G and 5).
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fected with EBV LMP1 from B95.8 or M81 variants. (A) Number and percentage of unique or
commonly target genes considering three comparison groups: EBV LMP1 B95.8 vs. Ctrl, EBV LMP1
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Figure 4. Results of in silico pathway enrichment analysis from predicted target genes of deregulated
miRNAs in NP69SV40 cells transfected with LMP1 B95.8, LMP1 M81 or the control vector. (A) Unique
primary categories for EBV LMP1 B95.8 vs. Ctrl (in blue), LMP1 M81 vs. Ctrl (yellow), and shared
categories for by LMPs B95.8 and M81 (overlap). (B) Unique “Tyrosine kinase receptor” categories
from B95.8 vs. Ctrl comparison. (C) Unique “Signal transduction” categories from M81 vs. Ctrl
comparison. (D) Unique “Tyrosine kinase receptor” categories from M81 vs. Ctrl comparison.
(E) “Signal transduction” categories shared between B95.8 vs. Ctrl and M81 vs. Ctrl comparisons.
(F) “Tyrosine kinase receptor” categories shared between B95.8 vs. Ctrl and M81 vs. Ctrl comparisons.
(G) Category shared between B95.8 vs. Ctrl and M81 vs. Ctrl comparisons, present in “Signal
transduction” and Unique “Tyrosine kinase receptor” pathways.
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Figure 5. Pathway enrichment analysis of genes targeted by miRNAs deregulated by EBV LMP1
in NP69SV40T cells. Most important primary categories altered by predicted genes comparing
LMP1 M81 vs. B95.8. (B) Unique and commonly deregulated primary categories between the three
comparisons performed. (C) “Signal transduction” secondary categories found for LMP1 M81 vs.
B95.8. (D) Unique and commonly deregulated secondary categories inside “Signal Transduction” for
the three comparisons performed. (E) Subcategories (tertiary) for “Tyrosine Kinases Receptor” altered
by predicted genes comparing LMP1 M81 vs. B95.8. (F) Unique and commonly deregulated tertiary
categories for “Tyrosine Kinases Receptor” considering the three comparisons performed. In (A,C,E),
in light and dark grey indicates, respectively, the absolute number of hits or its percentage considering
the respective higher category (Gene set #2, in the case of primary categories depicted in (A)).

4. Discussion

There is compelling evidence showing that the viral LMP1 oncoprotein contributes to
the progression of EBV-associated cancers [14]. For instance, LMP1 increases migration and
invasion of epithelial cells through different mechanisms, such as changes in cell adhesion
and motility due to regulation of N-cadherin and integrin-α5 expression, culminating in
both individual and collective migration of immortalized nasopharyngeal cells [42]. LMP1
also directly increases the sphingosine kinase 1 (SPHK1) enzyme, which was implicated in
a poor prognosis for NPC [43]. SPHK1 activates sphingosine-1-phosphate (S1P), causing
increased migration of NPC cells associated with AKT activation [44]. Furthermore, LMP1
represses the Tissue Inhibitor of Metalloproteinase-3 (TIMP-3), leading to extracellular
matrix degradation [45], and induces extracellular secretion of HIF1α in exosomes, which
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ultimately causes epithelial-to-mesenchymal transition (EMT), migration and invasion of
EBV-negative nasopharyngeal cells, and NPC [46].

In this study, we found that the expression of LMP1 derived from EBV strains B95.8
and M81 in immortalized nasopharyngeal cells NP69SV40T changes the expression of en-
dogenous miRNAs. Cells expressing LMP1 variant M81 compared to variant B95.8 showed
significant upregulation of the human miRNAs 100-5p, 192-3p, and 574-3p (Figure 2C).
MiR-100-5p was previously described to behave either as a tumor suppressor or oncomir,
in a context-dependent manner. The upregulation of miR-100-5p was implicated on better
prognosis in esophageal cancer [47], a decrease in cisplatin resistance in lung cancer [48],
and inhibition of tumorigenesis, cell migration, and invasion for human mammary ep-
ithelial cells [49]. However, it was also associated with effects expected to favor cancer
development and progression, such as resistance against apoptosis in prostate cancer [50]
and induction of EMT in human mammary cells [49]. MiR-192-5p seems to behave as a
more typical oncomir: its expression stimulates migration, invasion, and proliferation of
hepatocellular carcinoma cells in vitro [51], and it was associated with tamoxifen resis-
tance in mammary carcinoma and even higher cancer recurrence and metastasis in both
hepatocellular and mammary carcinoma [51,52]. Conversely, miR-574-3p was described
with effects mimicking those of tumor suppressor genes. For instance, it was implicated in
inhibition of gastric cancer cell proliferation, migration, and invasion [53]. However, its role
in NPC still needs elucidation since miRNA effects can be tissue- and context-dependent.

The putative cellular effects can be appreciated by the results obtained by miRNA
target prediction and the pathway-enrichment analysis, both performed in silico. The
biological processes involved (Figures 4 and 5) include gene expression (e.g., chromatin
organization, RNA-pol II transcription, and post-translational protein modification), in-
tracellular signaling pathways (e.g., programmed cell death, tyrosine kinase receptors,
MAPK, TGF-β, and Rho GTPases signaling), cellular stress and senescence, modulation
of the immune system, and phenomena associated to cell–cell communication (e.g., ECM
organization and vesicle transport). This is consistent with previously published data about
a range of effects associated with EBV LMP1 expression, including the induction of vascu-
logenic mimicry in vitro via VEGFA; induction of IGF1 expression and cell proliferation
in vitro; MAPK pathway regulation, leading to cell motility and invasion; blocking of TGF1
cell-growth inhibition in vitro; and Wnt pathway regulation, both in mice and in human
tumor samples of EBV-positive NPC [54–59].

Some common features were observed when evaluating the effects of LMP1 expression
on cellular miRNAs, irrespective of the variant considered (B95.8 vs. Ctrl and M81 vs. Ctrl
comparisons). For instance, EBV LMP1 can downregulate miRNAs that are implicated
in epigenetic regulation by targeting DNA methyltransferases (DNMTs) genes. It was
previously found that EBV-infected cells show downregulation of DNMT1 and upregulation
of DNMT3a, admittedly due to LMP1 expression [60,61]. We found that the transcript for
DNMT3a is targeted by 10 miRNAs in B95.8 vs. Ctrl, by miR-203a-3p in M81 vs. Ctrl, and
by miR-192-5p in M81 vs. B95.8 comparison sets. The downregulation of DNMT3a reduces
DNA methylation in specific genomic regions, increasing the expression of FOXA2 and
HNF4A (Gene IDs in Supplementary Table S8) [62]. We found that FOXA2 is targeted by
miR-141-3p, while HNF4A is targeted by miR-135b-5p and miR-34c-5p; these three human
miRNAs were found to be downregulated in cells expressing the EBV LMP1 variant B95.8,
compared to control (B95.8 vs. Ctrl). FOXA2 was previously implicated in cell proliferation,
cancer stem cell maintenance, and an increase in relapse in triple-negative breast cancer [63],
while HNF4A was related to an increase in lymph node and distant metastasis in colon
cancer [64,65]. Since all those miRNAs are downregulated in the presence of LMP1, it is
expected that the above-described effects will increase, suggesting that LMP1 from both
EBV strains B95.8 and M81 regulates the methylation status in cells using a different set
of miRNAs.

Even though this study provides relevant clues on common and unique effects features
of the EBV LMP1 derived from viral strains M81 and B95.8 in nasopharyngeal cells, some
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limitations must be carefully considered. First, the model used in this study was based
on EBV LMP1 expression in NP69SV40T cells under the control of a CMV promoter, which
allows robust ectopic expression of the viral transgene. We initially sought to generate
stably transfected cells expressing EBV LMP1, but only transient expression was possible
because cells constitutively expressing LMP1 show a high level of cell death after a few
weeks. Despite its known antiapoptotic effects, at unconstrained high levels, the EBV
LMP1 may actually cause the cell to die by apoptosis [66–68]. To circumvent this issue
and minimize the detrimental effects of suboptimal transfection efficiencies, we performed
enrichment of LMP1-expressing cells by FACS prior to miRNA expression analysis. Another
limitation is that our results based on in silico analysis were not validated experimentally
in this study, but other ongoing studies in our laboratory aim to address this. Finally, we
observed a much higher number of altered miRNAs when evaluating cells expressing
LMP1 B95.8 compared to cells expressing LMP1 M81. As the miRNA panel in this study
was defined based on previously published results and considering that there are much
more data accumulated for EBV genotype B95.8 compared to M81, we cannot rule out
some bias towards the results for miRNAs regulated by B95.8, which is the most studied
EBV genotype. Nevertheless, we aimed to reduce any possible bias in this matter by also
including in the panel miRNAs reported as altered in cancers in general, not only associated
with EBV, and considering both in vitro and in vivo studies.

Despite these limitations, the results obtained consistently showed different profiles
of miRNA expression induced by LMP1 derived from viral strains B95.8 and M81 in our
model. This allowed us to identify the miRs 100-5p, 192-5p, and 574-3p, as microRNAs
with putative roles in the EBV-induced transformation of nasopharyngeal epithelial cells.
The LMP1 from EBV strains B95.8 and M81 regulate different miRNA sets, and the data
obtained from the in silico analysis suggested putative biological consequences, either
some unique for one of the LMP1 variants, but also commonalities, such as changes in
cellular pathways involving MAPKs and VEGFA, modulation of the immune system, and
apoptosis. Of note, it was previously reported that the EBV strain M81 has a higher capacity
to induce the lytic cycle in infected cells [20]. Accordingly, the target gene prediction and
pathway enrichment analysis performed in silico in this study indicated that, compared
to B95.8, the LMP1 variant M81 had a higher number of genes involved in cell death and
survival regulation, suggesting that, to some extent, the M81 biological behavior may be
related to its EBV LMP1 variant and the effects of this viral oncoprotein on modulation of
cellular miRNAs.

5. Conclusions

This study showed that LMP1 derived from EBV strains B95.8 and M81 can modulate
different sets of miRNAs when expressed in NP69 nasopharyngeal cells. The results
reported here contribute to a better understanding of how LMP1 from different viral strains
may influence the behavior and phenotype of EBV-infected cells, and also indicate novel
putative genes and cellular pathways that may play an important role in the pathogenesis
of cancers associated with EBV. These differentially expressed miRNAs can also have a
role in NPC diagnosis or management since these molecules are known to be found in
plasma samples. However, the LMP1 effects on the regulation of endogenous miRNAs are
still poorly explored; future studies may focus on how specific miRNAs deregulated by
LMP1 affect the cell signaling pathways, which is key to further clarifying the biological
and oncogenic properties of this major EBV oncoprotein.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes13020353/s1, Figure S1: Comercial vector pZsGreen after the
LMP1 gene insertion (dark green). The vector was assembled through conventional cloning to
access differences between LMP1 variants from EBV in selected miRNAs expression after transient
transfection in immortalized nasopharyngeal cells (NP69); Figure S2: Analysis of LMP1 expression
and GFP positivity in HEK293 or NP69 cells after 48h of transfection with the assembled constructs
pZsG-LMP1-B95.8 or pZsG-LMP1-M81. PCR amplification of cDNA from (A) HEK293 cells express-
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ing LMP1 from the construct pZsG-LMP1-B95.8 and pZsG-LMP1-M81 and (B) transfected NP69 cells,
indicating the 30bp deletion present in LMP1 variant from M81 strain. expressing LMP1 from the
construct pZsG-LMP1-B95.8 and pZsG-LMP1-M81. (C) Example of transfection rates in HEK293
and NP69 cells transfected with pZsGreen vector; Figure S3: FACS of NP69SV40 cells after 48h
of transient transfection with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors;
Figure S4: Schematic drawing of steps followed after transfection of NP69SV40 cells transfected
with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors. and sorted by FACS with
pZsGreen vector as control or containing the coding region from LMP1 protein from EBV variants
B95.8 or M81. First, 48 h after transfection, GFP positive cells were sorted by FACs, followed by
RNA extraction, cDNA production and RT-qPCR array of 91 pre-selected miRNAs. Then, target
prediction analysis of differentially expressed miRNAs and genes with high scores were selected
for Pathway enrichment analysis; Figure S5: Analysis of target genes from differentially expressed
miRNAs in NP69SV40T cells transfected with EBV LMP1 from B95.8 or M81 variants. Example of
primary, secondary and tertiary categories organization. Panels C, D and E show results of in silico
pathway enrichment analysis of predicted target genes from deregulated miRNAs in NP69SV40 cells
transfected with LMP1 B95.8, LMP1 M81 or the control vector; Table S1: Primers sequences, reaction
components and cycling utilized for checking LMP1 presence, sequencing and cloning; Table S2:
MiRNAs related to NPC, LMP1, EBV, or cancer in general, selected from literature separated by its
probable function as tumor suppressor, oncomiR or dual function. Those miRNAs were used in
the qPCR miRNA array to analyze their expression in NP69 cells transfected with LMP1 from two
distinct EBV strains, B95.8A or M81; Table S3: Results (Cell count and percentage) from FACS of
NP69SV40 cells after 48h of transient transfection with pZsGreen (control), pZsG-LMP1-B95.8 or
pZsG-LMP1-M81 vectors; Table S4: Raw data (CT) after qPCR array using cDNA from NP69SV40
cells transfected with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors and sorted
by FACS; Table S5: Results of RT-qPCR arrays analysis and verification of up or downregulated miR-
NAs of NP69SV40 cells transfected with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81
vectors and sorted by FACS; Table S6: Analysis of pathway enrichment analysis using predicted genes
from gene set #2 targeted by differentially expressed miRNAs from NP69SV40 cells transfected with
pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors and sorted by FACS. Each group
has pathways represented in hits (gene in each pathway) and % hits (percentage of hits compared to
next higher category); Table S7: Descriptive list of predicted genes found by mirDIP encountered in
each primary category after pathway enrichment analysis using differentially expressed miRNAs
from NP69SV40 cells transfected with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81
vectors and sorted by FACS; Table S8: List of Gene IDs cited on main text. Predicted genes were
from differentially expressed miRNAs of transfected immortalized nasopharyngeal cells with LMP1
variant from EBV strain B95.8 or M81.
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