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ABSTRACT

BACKGROUND: Cervical cancer (CC) is the fourth most common cancer among women worldwide in terms of incidence
and mortality. High-risk human papillomaviruses (HPVs) are etiologic factor of CC in more than 90% of cases, with type 16
HPV (HPV16) revealed in >50% of cancers. Dysregulation of expression of viral oncogenes Eé and E7 is the main cause of
malignant transformation in infected cervical epithelial cells. The mechanisms of impaired expression of these genes are still
underexplored. The dysfunction of viral microRNAs may be among the underlying factors.

AIM: To analyze the expression of HPV16-associated microRNA-H1 and microRNA-H2 in cervical cancer specimens, evaluate
the correlation of their expression to viral load and overall patient survival, and analyze in silico their potential viral and cellular
targets.

MATERIALS AND METHODS: The expression of HPV16 microRNA-H1 and HPV16 microRNA-H2 was evaluated in the real-
time polymerase chain reaction. With this purpose, small RNAs were isolated from 36 specimens of HPV16-positive squamous
cell carcinomas of the cervix. Further, the viral load was assessed after calculating the value of HPV16 DNA copies per
cell. The association between microRNA expression and the viral load was evaluated using the nonparametric Spearman’s
correlation coefficient. Kaplan-Meier curves were plotted to analyze the dependence of 5-year overall survival on the level of
viral microRNA expression. The miRanda algorithm and online services mirDB, MR-microT and TargetScan Custom 5.2 were
used for in silico search of theoretical microRNA targets.

RESULTS: MicroRNA-H1 expression was revealed in 33 of 38 specimens (86.8%), microRNA-H2 was detected in 37 of 38
specimens (97.4%) of HPV16-positive cervical cancer. There was a positive correlation between both microRNA-H1 (r=0.36,
p=0.042) and microRNA-H2 (r=0.51, p=0.001) expression and HPV16 viral load. Higher level of expression of viral microRNA-H1
and microRNA-H2 tended to correlate with better overall patient survival. The theoretical microRNA-H1 (E7, E2, E5, L2 and URR)
and microRNA-H2 (E1, E2, E5, L2, L1, URR) targets in the HPV16 genome were identified in silico, as well as theoretical cellular
targets indicating possible regulation of cellular signaling pathways by means of viral microRNAs, both controlling normal viral
cycle and promoting tumor transformation.

CONCLUSION: The results of this study demonstrate promising further investigation of the functions of viral microRNAs in
relation with the infectious process and virus-induced malignant transformation, and their potential importance in the diagnosis
of HPV16-associated cancers.
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BupycHbie MukpoPHK npu HPV16-accouunpoBaHiom
paKe WEWKU MaTKU: aHaNMU3 IKCNPEeCCUM,
AVarHocTM4ecKoro noteHuuana

U 6uonornyecknx GyHKLMUMA

H.B. Enkuna, M.[l. ®epoposa, P.C. ®acxytaunos, H0.0. Opuenko, K.U. opaanua,
E.A. MyctadwmHa, J1.C. [aBnoBa, C.B. BuHokypoBa

HaumoHanbHbIN MeaWLIMHCKMIA UCCNefoBaTeNbCKMI LEHTP oHKooruu uM. H.H. BnoxuHa, Mocksa, Poccus

AHHOTALMA

06ocHoBaHMe. Pak Lweiky MaTku (PLLUM) — yeTBEPTOE MO YacToTe BCTPEYAEMOCTM M CMEPTHOCTW OHKO3aboneBaHue cpe-
LM KeHLUMH B Mupe. Bupycbl nanunnoM yenoseka (aHrn. human papillomaviruses, HPVs) BbICOKOro KaHLLeporeHHoro pucka
ABNATCA 3TMONOrMYeckuM daktopom passutus PLLUM 6onee uem B 90% cnyyaes, npu atom Ha gonio HPV tuna 16 (HPV16)
npuxoautcs bonee 1/2 Bcex cnydaes. [leperynsiuus 3KCNpeccun BUPYCHBIX OHKOreHoB £6 u E7 — 0CHOBHasi MpUYMHA OH-
KoTpaHcdopMaLmm MHOULMPOBAHHBIX KIETOK 3MUTENINA LUEWKN MaTKU. MexaHW3Mbl HapyLUEHUs UX 3KCMPeCCUM 40 CUX Mop
HEeL0CTaTO4HO U3yyeHbl. OQHOM U3 TaKMX NPUYMH MOXKET bbiTb HapyLleHue paboTbl BUpYCHbIX MUKpOPHK.

Llenb. AHanu3 akcnpeccun Koaupyembix HPV16 mMukpoPHK-H1 n mukpoPHK-H2 B obpasuax PLUM, oueHka Koppensumu
MX 3KCMPECCUM C BUPYCHOI HarpysKoii 1 obLLEl BbIXKUBAEMOCTLIO MAaLMEHTOB, a TaKe in silico aHanu3 ux NoTeHLManbHbIX
BMPYCHBIX W KIETOYHBIX MULLIEHEN.

Matepuanbl u Metopbl. Jxkcnpeccuio HPY16-MukpoPHK-H1 1 HPV16-MukpoPHK-H2 oueHnBanm MeTofoM nonuMepasHom
LLenHOM peakumnu B peabHoOM BpeMeHu, 4J1s 3Toro Boiaensim ¢pakumio Manbix PHK 13 36 06pasuos HPV16-nonoxuTenbHbIx
MOCKOKIIETOYHBIX KApLMHOM LK1 MaTku. llocne 3Toro onpepensiy BUPYCHY0 Harpy3Ky, paccumMTbiBas NapaMeTp «KOMum
OHK HPV16 Ha kneTky». 3aBucuMocTb aKkcnpeccun MUKPOPHK oT BMpYCHOM Harpysku oueHMBanu C NOMOLLbO Hemapame-
Tpuyeckoro KoadduumenTa Koppensumm CnupMeHa. Kpueble KannaHa—Maiiepa cTpounmn ons aHanusa 3aBUCMMOCTU 5-neT-
Heii 0bLLel BbIKMBAEMOCTM OT YPOBHSA 3Kcnpeccun BUPYcHbIX MUKPOPHK. [ns in silico noucka TeopeTMYeckux MuLLEeHen
mukpoPHK ucnonb3osanu anroputm miRanda v oHnaiiH-cepauckl mirDB, MR-microT u TargetScan Custom 5.2.
Pesynbrarbl. 3kcnpeccuss MUKpoPHK-H1 BobisenieHa B 33 u3 38 obpasuoe (86,8%), a mukpoPHK-H2 petektuposa-
nacb B 37 u3 38 obpasuos (97,4%) HPV16-nonoxurensHoro PLUM. MonyyeHa nonoutenbHas KOppensuus 3KCpeccuu
KaK MUKpoPHK-H1 (r=0,36, p=0,042), Tak 1 MukpoPHK-H2 (r=0,51, p=0,001) c BupycHoi Harpy3koi HPV16. MNpocnexmsa-
eTcs TeHAEHUMS K Nydlleid obLueid BbXKMBaEeMOCTU MaumeHToB npu bonee BbICOKOM 3Kcnpeccn BUPYCHBbIX MUKPOPHK-H1
1 MukpoPHK-H2. In silico onpeaeneHbl TeopeTuyeckue Muwenmn B reHome HPV16 ons mukpoPHK-H1 (E7, E2, E5, L2 n URR)
1 MUKpoPHK-H2 (ET, E2, E5, L2, LT, URR), a TaKe TeOpeTU4eCKMe KIIeTOYHbIE MULLIEHM, YKa3bIBalOLLME HA BO3MOXKHYHO pery-
NALUMI0 KIETOYHBIX CUTHANBbHBIX MYTel C NOMOLLbI0 BUPYCHBIX MUKPOPHK, — Kak nopaepuBaioLLyx HOPMasbHbI BUPYCHBIN
LMK, TaK M cnocobCTBYHOLLMX ONYX0NeBol TpaHChopMaLmu.

3aknioueHue. PesynbTaThbl UCCNEA0BaHUA YKa3biBAOT HA NEPCNEKTUBHOCTb AANbHEMILET0 M3Y4YeHUs (YHKLWA BUPYCHBIX
MukpoPHK npu uHbeKUMM 1 BUPYC-MHAYLIMPOBAHHOW OHKOTpaHchopMaumu, M X noTeHuuana ans auarHoctuku HPV16-
accoLMMPOBaHHbIX OHKONATOMNOMMH.

Kniouesble cnosa: HPV16; anureHeTuka; BupycHble MUKpoPHK; HPV16-MukpoPHK-H1; HPV16-mMukpoPHK-H2; pak weiiku
MaTKM.
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BACKGROUND

According to the International Agency for Research
on Cancer (IARC), approximately 12% of all human
cancers (2 300 000 cases) are attributable to diseases
associated with infectious agents, including bacteria,
viruses, and parasites [1]. Among these diseases,
oncogenic viruses account for approximately 65%
(1 490 000 cases). To date, human oncogenic viruses
include DNA-containing hepatitis B virus (HBV), high-risk
human papillomaviruses (HR-HPVs), Epstein—Barr virus
(EBV), Kaposi sarcoma-associated herpesvirus (KSHY),
Merkel cell polyomavirus (MCPyV), and RNA-containing
hepatitis C virus and human T-cell lymphotropic virus
type 1 (HTLV-1). There are several strategies that
oncogenic viruses use to maintain the normal viral cycle,
which, in the presence of viral persistence and additional
risk factors, promote malignant transformation of
infected cells [2]. One of such strategies is to alter
epigenetic mechanisms regulating cellular and viral gene
expression [3]. Oncogenic viruses are able to modulate
cellular epigenetic processes; moreover, they use their
own tools, namely viral microRNAs, which are currently
considered to be key infectious factors along with viral
oncoproteins.

MicroRNAs are short RNA oligonucleotides of 17-
25 bases in length; they are among the most significant
epigenetic regulators of gene expression [4, 5]. Viral
microRNAs, first discovered in EBV in 2004 [6], play
an important role in the regulation of the viral cycle by
modulating viral and cellular gene expression. According
to the miRBase microRNA database [7], 320 microRNA
precursors were annotated and experimentally
confirmed for 34 different viruses, resulting in more
than 500 mature forms of viral microRNAs. According
to the miRBase database, three viruses such as
EBV, KSHV, and MCPyV are considered oncogenic as
they possess microRNAs. EBV encodes 44 mature
microRNAs from 25 precursors, whereas KSHV
encodes 25 mature microRNAs from 13 precursors,
and MCPyV encodes 2 mature microRNAs from
1 precursor. In addition to these three viruses, there
is experimental evidence for the functional microRNA
in HBV, with confirmed biological functions in in vitro
experiments [8]. Viral microRNAs were shown to
regulate the expression of cellular and viral genes, as
well as to modulate proliferation, apoptosis, migration,
and immune response. These microRNAs are capable
of maintaining both the normal viral cycle and causing
disruption of cell signaling pathways associated with
carcinogenesis, which contributes to the initiation of
irreversible malignant transformations [9, 10].

HR-HPVs are responsible for more than 730 000 cases
of cancers of various locations (31.7% of all cancers
associated with infectious agents) [11]. Cervical cancer
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(CC) is the fourth most common cancer among women
worldwide in terms of incidence and mortality [12].
Notably, CC is the most common type of cancer associated
with HR-HPVs, accounting for 80% of all HPV-associated
cancers, which totals to 570 000 cases [13]. HR-HPVs are
an etiologic factor of cervical cancer (CC) in over 90%
of cases, with HPV16 being the most common HPV type
in CC, accounting for over 50% of all HPV-positive CC
cases [11]. The key cause of malignant transformation
is the dysregulation of expression of the major viral
oncogenes Eé and E7, which inhibit the function of the
major cellular oncosuppressor proteins p53 and Rb.
However, the mechanisms of such dysregulation are not
yet fully understood. One potential reason for this may
be the disruption of recently discovered HPV16 viral
microRNAs.

Currently, nine microRNAs encoded by various
types of HPV have been identified, including HPVS,
HPV16, HPV38, HPV45, and HPV68 [14]. For HPV16, four
microRNAs (HPV16-microRNA-H1, HPV16-microRNA-H3,
HPV16-microRNA-H5, and HPV16-microRNA-H6) were
experimentally validated [15]. However, these microRNAs
exhibited remarkably low expression levels, as assessed
in a limited and heterogeneous sample of cervical lesion
specimens exhibiting varying degrees of infection with
different types of HR-HPVs. A comprehensive analysis of
HPV16-microRNAs on a wide and homogeneous sample
of clinical specimens in terms of disease staging and
HPV infection will allow revealing regularities in their
expression pattern, associations with their viral load
levels, and expression of viral oncogenes. This analysis
will provide a more reliable approach to the search for
potential biological targets of viral microRNAs. This,
in turn, will expand the current knowledge about the
regulation of the normal viral cycle and the exploration
of new mechanisms of dysregulation of HPV16 viral
oncogene expression and associated malignant
transformations.

The aim of study was to analyze the expression of
HPV16-encoded microRNA-H1 and microRNA-H2 in CC
specimens, assess the correlation of their expression with
viral load and overall patient survival, and analyze in silico
their potential viral and cellular targets.

MATERIALS AND METHODS

Characteristics of cervical cancer specimens

A total of 36 postoperative specimens of HPV16-
positive squamous cell carcinoma from patients treated at
the Department of Gynecologic Oncology of the Research
Institute of Clinical Oncology of the Blokhin Scientific
Medical Research Center of Oncology between 2000
and 2006 (Table 1) were used for the analysis of viral
microRNA-H1 and microRNA-H2 expression.
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Description of research methodology

Cell lines

The HPV16-positive cervical cell lines SiHa and Ca Ski
and the HPV-negative cell lines C33a (cervical line, American
Type Culture Collection, USA) and HaCaT (spontaneously
immortalized skin keratinocytes, CLS, Cell Line Service,
DKFZ, Heidelberg, Germany) were used in the study. The
cells were cultivated in the Dulbecco’s Modified Eagle's
Medium (#C410E, PanEco, Russia) spiked with antibiotics
Pen-Strep Solution x 10 (#03-031-5B, Biological Industries
Israel Beit Haemek, LTD, Israel) at final concentrations of
100 units/mL penicillin and 100 pug/mL streptomycin, and
10% fetal bovine serum (#S1810-500, Biowest, France).
Cultivation was performed in N-BIOTEK ND-203 CO,
incubator (Republic of Korea) at 37°C and 5% CO,.

DNA extraction

DNA was isolated from fresh frozen tissues using the
ExtractDNA Blood & Cells Kit (#BC111M, Eurogen, Russia)
according to the manufacturer’s instructions and stored at
-20°C. The concentration was determined using a NanoDrop
ND-1000 spectrophotometer (ThermoFisher Scientific,
USA).

Determination of HPV16 viral load in cervical cancer
specimens

A kit for the qualitative and quantitative detection and
differentiation of high-risk HPV (HR-HPV) DNA was used
to assess viral load. The kit, designated as AmpliSense®

Table 1. Main characteristics of cervical squamous cell carcinoma
clinical specimens used in the work

Vol. 29 (3) 2024

Characteristics Values

Age, years Me 42 [35-50]
, . T1: 27 (75%)

Primary focus size, n (%) T2: 9 (25%)
NO: 23 (64%)
N1: 13 (36%)

Metastases to the regional

lymph nodes, n (%)

Distant metastases, n M0: 36 (100%)
l: 15 (42%)
II: 8 (22%)
I11: 13 (36%)

Disease stage, n (%)

>5 net: 16 (44%)

Five-year overall survival, <5 net: 10 (28%)

n (%) Withdrawn from the study:
10 (28%)
Total number of specimens, 36 (100%)

n (%)
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HR-HPV Genotype-Titer-FL (#H-2261-1-13, Central
Research Institute of Epidemiology, Russia), employs real-
time polymerase chain reaction (RT-PCR) for this purpose.
A total of 50 ng of genomic DNA extracted from freshly
frozen squamous cell carcinoma tissues were used as a
matrix for RT-PCR. The PCR mixtures were prepared and
RT-PCR was performed according to the manufacturer’s
instructions. RT-PCR was performed using a CFX96 Touch
amplifier (BioRad Laboratories, Inc., USA). The calibration
curves obtained by RT-PCR using the kit were utilized to
calculate the number of HPV16 DNA copies and beta-globin
copies. The viral load was calculated using the formula:
(HPV16 DNA copy number) / ([ B -globin copy number]x0.5).
The resulting viral load value was thus expressed in units
of HPV16 DNA copies per cell.

MicroRNA extraction

The small RNA fraction was isolated from fresh
frozen squamous cell carcinoma tissue samples using
the Ambion™ PureLink™ RNA Isolation Kit (#K157001,
Invitrogen™, USA) and TRIzol™ Reagent (#15596018,
Invitrogen™, USA). Tissue homogenization and lysis were
first performed using TRIzol™ Reagent to improve the
quality of microRNAs. Lysates were processed according to
the established protocol to yield an aqueous phase, which
was subsequently purified from DNA and RNA impurities
using the PureLink™ microRNA Isolation Kit in accordance
with the manufacturer’s guidelines. The isolated microRNA
was stored at -70°C. The concentration of microRNA was
subsequently quantified using the Qubit™ 2.0 fluorimeter
(Invitrogen™, USA) and the Qubit™ microRNA Assay Kit
(#Q32881, Invitrogen™, USA).

Reverse transcription and RT-PCR of viral microRNA-H1
and microRNA-H2

The reverse transcription (RT) was first performed to
assess the expression level of viral microRNA-H1 and
microRNA-H2 using the stem-loop technique described by
Chen et al. [16]. Primers were designed for RT followed by
real-time amplification with TagMan probes. The sequences
of these probes are available upon request.

The Dialat reagent kit (Dialat Ltd., Russia) was used for
RT. The final reaction mixture of 25 pL contained 25 ng of
purified microRNA without DNA/RNA impurities, 1 pmol of
RT primers for microRNA-H1 or microRNA-H2, 1 pmol of
an RT primer for U6, 50 units of reverse transcriptase (#RT-
10), and a single RT buffer (#RTM-100). The RT reaction was
performed under the following conditions: 25°C for 10 min,
42°C for 30 min, and 85°C for 5 min. The resulting cDNA
was stored at -20°C.

RT-PCR was performed using a 5X gPCRmix-HS ready-
to-use mixture (#PK145L, Eurogen, Russia). The final 20 L
reaction mixture for viral microRNA amplification contained
a single gPCRmix-HS mixture, 2 pmol forward (microRNA-
specific) primer, 1 pmol reverse (universal) primer, 0.2 pmol
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Tagman probe, and 1 pL RT-derived cDNA. The RT-PCR
mode for microRNA-H1 and microRNA-H2 detection was
as follows: 95°C for 5 min; 45 cycles including the steps
of 95°C for 15 s, 52°C for 1 min, and signal detection. The
final reaction mixture for the amplification of the internal
control and reference gene for the assessment of relative
microRNA expression—small nuclear 20 yL RNA Ué—
contained a single gPCR-mix-HS mixture, 1 pmol forward
and reverse primers, 0.2 pmol TagMan probe, and 1 pL of
10-fold diluted RT-derived cDNA. The RT-PCR mode for U6
detection consisted of the following steps: 95°C for 5 min,
35 cycles including the steps of 95° for 15's, 60°C for 1 min,
and signal detection. The CFX96 Touch amplifier (BioRad
Laboratories, Inc., USA) was used for RT-PCR.

Bioinformatic search for microRNA-H1 and
microRNA-H2 targets

The miRanda algorithm [17] was utilized to identify
potential interaction sites of viral microRNA-H1 and
microRNA-H2 within the HPV1é genome (GenBank:
AF125673.1). The following inclusion criteria were met
by sites to be deemed significant: a threshold score of at
least 120 and a negative interaction energy (kcal/mol) of
no more than —-10. The algorithm was executed using the
SRplot online platform [18].

A search for potential cellular targets of viral
microRNA-H1 and microRNA-H2 was conducted using three
online services: mirDB [19, 20], TargetScan Custom 5.2 [21],
and MR-microT [22, 23]. These services utilize distinct
algorithms to identify interaction sites with target
sequences, thereby facilitating a more reliable identification
of theoretical target genes. The identification of significant
target genes for mirDB was determined by a threshold
score of =50, whereas for MR-microT, it was =0.5. For
TargetScan Custom 5.2, thresholds were determined by the
algorithm. The resulting targets were then compared with
each other using Venn Diagramm (https://bioinformatics.
psb.ugent.be/webtools/Venn/). The target genes identified
by at least two services were subsequently analyzed
for category enrichment using the Metascape online
service (v3.5.20240901) [24] with standard settings. This
analysis yielded the 20 most significant categories with
a logP-value <-5, which were identified as being
theoretically regulated by microRNA-H1 and microRNA-H2.
The Venn unions and category enrichments were then
visualized using SRplot [18].

Ethical review

The study protocol was approved by the Local Ethical
Committee of the Blokhin National Medical Research Center
of Oncology (Protocol No. 7 dated July 25, 2024).

Data analysis and statistical processing

The RT-PCR results were then subjected to evaluation,
and the number of HPV16 DNA copies per cell was
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calculated using Microsoft Excel 2016 to analyze viral load.
Subsequently, the expression level of viral microRNA-H1
and microRNA-H2 was determined by Ct method AACt [25],
calculating the value of —AACt for each sample using
Microsoft Excel 2016 by the formula: —([Ct microRNAJ-
[Ct U6]). A thermal map was generated to illustrate the
relationship between viral microRNA expression and
viral load, employing the SRplot online program [18]. The
correlation between viral microRNA-H1 and microRNA-H2
expression and viral load were analyzed using the
nonparametric Spearman’s correlation coefficient in the
GraphPad Prism 8.4.3 (GraphPad Software, LLC, USA)
program. The correlation was considered significant
at p <0.05. The groups of patients with low and high
expression levels of microRNA-H1 and microRNA-H2 were
determined using the R software package, which allows the
identification of thresholds for the separation of different
data sets using the MaxSpSe parameter [26]. Kaplan—Meier
plots for 5-year overall survival were constructed and
analyzed using the SRplot online service [18]. Differences
in survival curves were considered significant at p <0.05.

RESULTS
Primary findings

Analysis of viral microRNA-H1 and microRNA-H2
expression in HPV16-positive cervical cancer tissues

According to the literature, the expression of five viral
microRNAs, including HPV16-microRNA-H1, -H2, -H3, -H5,
and -Hé, was demonstrated using high-throughput next-
generation sequencing (NGS) for HPV16. These microRNAs
were encoded by different regions of the HPV16 genome.
Specifically, the ET gene was identified as the source of
microRNA-H1 and microRNA-H5, whereas the L1 gene was
identified as the source of microRNA-Hé. The untranslated
regulatory region (URR) was identified as the source of
microRNA-H2 and microRNA-H3. The authors further
validated the results of NGS on viral microRNA expression
by using RT-PCR and in situ hybridization methods [14,
15]. For this purpose, a variety of clinical materials were
utilized, including approximately 60 samples of cervical
lesions of varying degrees of severity, including cervical
intraepithelial neoplasia grades 1-3, cervical squamous
cell carcinoma and adenocarcinoma, as well as normal
smears. The clinical samples exhibited significant
variation in terms of sample preparation, encompassing
both formalin-fixed and paraffin-embedded samples
and cervical smears collected using various transport
media. The presence of both HPV16-positive and non-
HPV16-positive samples resulted in a high degree of
heterogeneity among the samples. Consequently, the
analysis revealed the expression of only four viral
microRNAs in a limited number of samples (up to 20% for
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different HPV16-microRNAs), with an exceptionally low
level of expression.

Nevertheless, the analysis of HPV-encoded microRNAs
remains highly relevant and requires further investigation.
In this study, the expression of two microRNAs, HPV16
microRNA-H1 and HPV16 microRNA-H2 (hereafter referred
to as microRNA-H1 and microRNA-H2), which have the
highest number of readings according to NGS results [14],
was analyzed. A homogeneous sample of 36 fresh frozen
HPV16-positive cervical squamous cell carcinoma tissue
samples was selected to evaluate their expression.
Furthermore, a detection system for microRNA-H1 and
microRNA-H2 based on the stem-loop RT-PCR method
described by Chen et al. was developed [16], using locked
nucleic acid TagMan probes to increase the amplification
specificity. The analysis of viral microRNA expression in
HPV16-positive cell lines revealed the expression of only
microRNA-H2 in SiHa, whereas the expression of both
microRNA-H1 and microRNA-H2 was detected in Ca Ski.
The absence of microRNA-H1 expression in SiHa was
associated with the loss of the ET gene coding region as
a result of HPV16 integration into the cell DNA. In addition,
HPV-negative cell lines C33a and HaCaT were analyzed
to assess the specificity of the developed method. The
absence of microRNA-H1 and microRNA-H2 expression in
these cell lines during RT-PCR further substantiates the
high specificity of the developed systems for detecting
viral microRNAs.

In the analysis of microRNA-H1 and microRNA-H2
expression in clinical materials, HPV16-positive cervical
carcinoma samples were conditionally divided into three
groups based on their HPV16 DNA load: low (0-1 copy per
cell), medium (1-10 copies per cell), and high (10-450
copies per cell). This division was conducted to ascertain
the correlation between viral load and microRNA levels.
The presence of microRNA-H1 was identified in 33 of the
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38 (86.8%) samples, with a median ACt value of -18.58
(-19.59; -17.44). Conversely, microRNA-H2 expression
was detected in 37 of 38 (97.4%) samples, with a median
ACt value of -17.93 (-18.86; -16.02). A schematic
representation of microRNA expression levels and their
correlation with viral load is shown as a thermal map in
Fig. 1.

Therefore, the presence of two viral microRNAs in more
than 85% of CC specimens was shown to be significantly
superior to the results of Auvinen et al. [15]. This high
percentage of positive samples of invasive cervical
carcinomas suggests a possible role of viral microRNAs
in oncogenesis and the further need for their additional
study in other cervical lesions, as well as a more detailed
analysis of their biological functions.

Evaluation of the correlation of viral microRNA-H1
and microRNA-H2 expression with HPV16 viral load
and overall survival rates

In the majority of cervical lesions, the viral load of
HR-HPV is known to be positively correlated with more
severe precancerous lesions, the severity of the CC
course, and lower patient survival [27, 28]. In addition,
the expression of early viral genes, particularly the
oncogenes Eé and E7, is positively correlated with viral
load [29, 30]. Given the capacity of viral microRNAs to
modulate both viral gene expression and various cellular
processes, an analysis was conducted to ascertain
the dependence of microRNA-H1 and microRNA-H2
expression on HPV16 viral load. The results demonstrated
a positive correlation between the expression levels
of both microRNA-H1 (r=0.36, p=0.04) (Fig. 2a) and
microRNA-H2 (r=0.51, p=0.001) (Fig. 2b) and the HPV16
viral load. This finding suggests a potential indirect
indication of their involvement in the regulation of viral
gene expression.

Viral load: HPV16 DNA copies per cell
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Fig. 1. Heat map of viral microRNA-H1 and microRNA-H2 expression in clinical samples of HPV16-positive squamous cell carcinoma.
The microRNA level is represented by a color scheme from red (maximum expression level) to blue (minimum expression level), black
rectangles indicate samples without amplification of the corresponding microRNA (N/A). Samples in the scheme are grouped according
to the viral load of HPV16 DNA: 0—1 — samples with low viral load; 1-10 — samples with medium viral load; 10-450 — samples with

high viral load. The lower part shows the labels of the CC samples.
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The present study sought to evaluate the association of
viral microRNA expression with overall survival of patients
with CC. The R programming environment package was
utilized to define thresholds to separate different data
sets, with samples thus divided into two groups: those
with low and high expression of microRNA-H1 (threshold
value -ACt=-18.41) and microRNA-H2 (threshold value
-ACt=-17.56). The 5-year overall survival curves were
subsequently delineated (Fig. 3).

There is no statistically significant difference between
the survival rates of patients exhibiting high and low
expression levels of microRNA-H1 and microRNA-H2.
However, a tendency toward enhanced survival was
observed in patients with elevated viral microRNA
expression. This observation, together with viral load, may
serve as a prognostic indicator for disease progression.
Consequently, further investigation is necessary to
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thoroughly examine HPV16 viral microRNA expression and
its correlation with various clinical parameters.

Bioinformatic analysis of viral microRNA-H1 and
microRNA-H2 functions

The expression of viral microRNA-H1 and microRNA-H2
in more than 85% of the examined samples indicates
a potential role of these microRNAs in the regulation of
cellular and viral gene expression, modulating various
pathways of carcinogenesis. The potential viral and
cellular targets of microRNA-H1 and microRNA-H2 were
bioinformatically searched to elucidate the possible
biological functions of viral microRNAs. In silico analysis
revealed a variety of interaction sites of viral microRNAs with
early and late genes and the non-coding region of HPV16.
Therefore, ten potential interaction sites were identified for
microRNA-H1, including sites within the E7, E2/E4, E5, and

g -

<
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<

Z 18

s ! r=0.5174
Q

S p=0.0015
= 20
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Fig. 2. Correlation analysis of viral microRNA-H1 (@) and microRNA-H2 (b) expression from HPV16 viral load. r — correlation coefficient,

p — p-value.
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Fig. 3. Kaplan—Meier curves of the 5-year overall survival of patients with squamous cell carcinoma depending on the expression level

of microRNA-H1 (@) and microRNA-H2 (b), p — 3HaueHue p-value.
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L2 readings and in the URR. For microRNA-H2, 17 potential
interaction sites were recorded, including sites within the
El, E2, E2/E4, E5, L1, and L2 gene readings and in the URR.
In vitro and in vivo experiments are necessary to confirm
the interaction of viral microRNAs with early and late
transcripts and with the non-coding region of HPV16. These
experiments will allow for the assessment of their influence
on the regulation of the normal viral cycle and participation
in the dysregulation of viral oncogene expression, initiating
malignant transformations.

In addition, an in silico search was conducted for potential
cellular targets of viral microRNA-H1 and microRNA-H2.
Three resources were utilized: mirDB, TargetScan Custom 5.2,
and MR-microT, which employ distinct algorithms to identify
potential cellular targets of microRNAs. Consequently,
numerous theoretical targets were obtained, which were
subsequently analyzed for common genes to enhance their
significance. Genes identified by at least two algorithms were
then used to further explore category enrichment (Fig. 4a; 4b),
resulting in a total of 426 potential targets for microRNA-H1
and 518 for microRNA-H2.

When assessing category enrichment, various cellular
processes associated with carcinogenesis were analyzed
(Fig. 4c; 4d).

For microRNA-H1, these include categories such
as response to growth stimuli, factors and pathways
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affecting insulin-like growth factor 1 and Akt-signaling
pathways, cascades regulating stem cell pluripotency,
negative regulation of cell proliferation, and the Rho
GTPase cycle. MicroRNA-H2 includes processes such as
protein phosphorylation, methyl-CpG-binding protein 2
transcriptional regulation, actin filament-related
processes, TP53 transcriptional regulation, growth factor
response, and nuclear receptor signaling pathways.
The presence of potential targets of viral microRNAs
associated with these biological processes suggests their
possible regulatory function aimed at maintaining both the
normal viral cycle and tumor transformation processes.

The results of bioinformatic analysis of potential viral
and cellular targets of microRNA-H1 and microRNA-H2
suggest the need for a more detailed analysis of their
biological functions in vitro and in vivo to identify their
regulatory role in the HPV16 life cycle and in malignant
transformations.

DISCUSSION

Viral microRNAs are one of the important tools
of oncoviruses to maintain the normal viral cycle by
modulating various cellular processes such as cell
proliferation, differentiation, and survival. On the one hand,
viral microRNAs are able to maintain the normal viral

mirDB MR-microT

TargetScan custom
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-log,, (pvalue)
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count
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Fig. 4. Results of bioinformatic search for potential cellular target genes of viral microRNA-H1 and microRNA-H2, a, b — Venn diagrams
of target association for microRNA-H1 (@) and microRNA-H2 (b), ¢, d — Top 20 enriched categories for microRNA-H1 (c) and microRNA-H2

(d) target genes, ranked by significance level (-log10 p-value).
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cycle by regulating viral gene expression. For example,
KSHV microRNA-K12-7, by inhibiting the expression of
the RTA protein of KSHV, reduces the expression of early
viral proteins and contributes to the maintenance of latent
viral infection [31]. MCPyV microRNA-M1 inhibits the
expression of the large T antigen, thereby reducing viral
replication and maintaining a constant level of MCPyV
DNA in infected cells, contributing to the establishment
of persistent infection [32, 33]. On the other hand, in
virus-associated cancers, many viral microRNAs fulfill
the functions of oncogenic microRNAs by altering the
expression of key genes that regulate pathways associated
with carcinogenesis. For example, EBV microRNA-BART1
was shown to inhibit PTEN expression in nasopharyngeal
carcinoma, thereby stimulating cellular processes involved
in migration, invasion, and metastasis [29]. Similarly,
KSHV microRNA-K12-1-5p was observed to inhibit
SOCSé6 expression in Kaposi sarcoma cells, inhibiting
apoptosis and promoting cell proliferation, migration, and
invasion [34]. The study of recently discovered HPV16 viral
microRNAs is of great scientific and practical interest due
to the integral role of viral microRNAs in the regulation
of various biological processes. This study focused on
two viral microRNAs, HPV16 microRNA-H1 and HPV16
microRNA-H2 [15].

The results of the experiments demonstrated that
viral microRNA-H1 was expressed in 33 out of 38
samples (86.8%) of HPV16-positive cervical squamous
cell carcinoma, whereas microRNA-H2 was expressed
in 37 out of 38 samples (97.4%). These findings suggest
that viral microRNAs may play a regulatory role in
various signaling pathways associated with malignant
transformations. The absence of microRNA-H1 expression
in certain samples may be associated with the status
of the HPV16 genome within the cell. During the
prolonged persistence of the virus, there is a possibility
for integration of the HPV16 genome into the host cell
chromosomes. This integration occurs with the breakage
of the virus's DNA, specifically in the region of the E1/E2
genes and the late L7 gene. This process is accompanied
by the loss of a portion of the virus genome, particularly
the region of the ET gene responsible for the expression of
microRNA-H1. The loss of viral microRNA expression due
to such integration has the potential to contribute to the
dysregulation of viral oncogene expression. The findings
reveal a positive correlation between microRNA-H1 and
microRNA-H2 expression and viral load, as well as the
identification of theoretical interaction sites in oncogene
E7 and early genes ET and E2. These genes are the
primary regulators of viral replication and transcription.
The results suggest a potential role for microRNAs in
regulating viral gene expression during the normal viral
cycle and malignant transformations. Furthermore, the
theoretical cellular targets of viral microRNAs predicted
in silico suggest the potential for regulation of viral and
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various cellular signaling pathways, including cell growth
and differentiation processes.

Further study of microRNA-H1 and microRNA-H2,
as well as a more detailed analysis of other HPV16
microRNAs, will allow for further elucidation of the
mechanisms underlying viral cycle regulation and their
potential involvement in the dysregulation of viral
oncogenes E6 and E7, which is the primary trigger
mechanism of malignant transformation of infected cells.

CONCLUSION

The study demonstrated the expression of two
viral microRNAs, HPV16 microRNA-H1 and HPV16
microRNA-H2, in the majority of cervical squamous
cell carcinoma specimens. A positive correlation of
microRNA-H1 and microRNA-H2 expression with HPV16
viral load was shown for the first time, and a trend toward
better survival was identified in patients with higher levels
of viral microRNAs. In silico analysis revealed numerous
potential sites of interaction between microRNAs and
the HPV16 genome and cellular genes, suggesting a
probable regulation of their expression through viral
microRNAs. This regulation may be responsible for the
increased expression of the viral oncogenes E6 and
E7 and the dysregulation of cellular genes involved in
various signaling cascades, including oncogenic ones.
Further study of viral microRNAs will allow for the
complementation of existing mechanisms of malignant
transformation during HPV16 persistence, as well as for
the evaluation of their potential in the diagnosis of HPV16-
associated oncopathologies.
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