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Abstract 

Background: The β3 human papillomavirus (HPV)49 induces immortalization of primary keratinocytes through the 
action of E6 and E7 oncoproteins with an efficiency similar to alpha high risk (HR)-HPV16. Since HR-HPV oncopro-
teins are known to alter microRNA (miRNA) expression and extracellular vesicle (EV) production, we investigated the 
impact of HPV49 E6 and E7 proteins on miRNA profile and EV expression, and their involvement in the control of cell 
proliferation.

Methods: The miRNA expression was evaluated by a miRNA array and validated by RT-qPCR in primary human 
keratinocytes immortalized by β3 HPV49 (K49) or α9 HR-HPV16 (K16), and in EVs from K49 and K16. The modulation of 
miRNA target proteins was investigated by immunoblotting analyses.

Results: By comparing miRNA expression in K49 and K16 and the derived EVs, six miRNAs involved in HPV tumori-
genesis were selected and validated. MiR-19a and -99a were found to be upregulated and miR-34a downregulated in 
both cell lines; miR-17 and -590-5p were upregulated in K49 and downmodulated in K16; miR-21 was downregulated 
only in K16. As for EV-carried miRNAs, the expression of miR-17, -19a, -21 and -99a was decreased and miR-34a was 
increased in K49 EVs. In K16 EVs, we revealed the same modulation of miR-19a, -34a, and -99a observed in producing 
cells, while miR-21 was upregulated. Cyclin D1, a common target of the selected miRNAs, was downmodulated in 
both cell lines, whereas cyclin-dependent kinase 4 was down-modulated in K49 but upregulated in K16.

Conclusion: These data suggest that E6 and E7 proteins of β3 HPV49 and α9 HR-HPV16 affect key factors of cell cycle 
control by indirect mechanisms based on miRNA modulation.
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Background
The Papillomaviridae family includes more than 400 
human papillomaviruses (HPVs) classified into 5 genera 
(α, β, γ, μ, and ν) and characterized by the ability to infect 

cutaneous or mucosal epithelia [1]. Twelve mucosal 
α-HPV genotypes defined as high-risk (HR) are the caus-
ative agent of virtually all Squamous Cell Carcinomas 
(SCC) of the cervix, a high percentage of those in the 
ano-genital area and an increasing fraction of the head 
and neck cancers (HNSCC) [2, 3].

While the activities of oncogenic HPVs belonging to 
the α genus are well characterized, other HPVs associ-
ated to benign or asymptomatic infections may retain as 
yet unknown properties [4]. Many findings indicate that 
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cutaneous β-HPVs are involved in skin carcinogenesis 
[5]. In animal models, the HPV38 and HPV49 members 
of the β genus can induce cancer in cooperation with UV 
radiation or chemical insult [6, 7].

HPV genome is composed of early (E) and late (L) 
genes that cumulatively regulate the virus life cycle. E6 
and E7 genes code for two proteins able to interfere with 
several pathways of the host cell by targeting cell pro-
teins, in particular the p53 and pRb tumor suppressors 
[8]. HR-HPV E6 and E7 oncoproteins hamper the activ-
ity of p53 and pRb respectively, through various mecha-
nisms, the main one being degradation [9, 10].

Beta-Papillomavirus HPVs show cutaneous tropism, 
but the β3 species, including 4 genotypes (HPV49, 75, 76, 
and 115), was also detected into the oral mucosal epithe-
lium [11]. Emerging evidence indicates that β3 human 
papillomavirus type 49 (HPV49) shares biological prop-
erties with mucosal HR-HPV type 16 (HPV16). Among 
the host processes deregulated by HPV16 E6 and E7 there 
is the expression of miRNAs. Interestingly, it was dem-
onstrated that, when transduced into human primary 
keratinocytes, HPV49 E6 and E7 induce cell immortaliza-
tion with a mechanism similar to HR-HPVs. In particu-
lar, HPV49 E6 promotes p53 degradation in an ubiquitin 
ligase enzyme E6AP-dependent manner [11, 12].

MicroRNAs (miRNAs) are small noncoding RNAs that 
post-transcriptionally regulate gene expression by nega-
tively affecting the persistence of targeted mRNAs in the 
cell. MiRNAs are associated with almost all physiological 
and pathological cellular processes, included cancer. They 
can be divided into oncogenic or oncosuppressor miR-
NAs based on their respective ability to favor or coun-
teract carcinogenesis [13, 14]. Oncogenic viruses such 
as HR-HPVs have been reported to alter host miRNA 
expression to induce carcinogenesis [15, 16].

Extracellular vesicles (EVs) are a heterogeneous fam-
ily of membrane-limited nanoparticles released by 
cells. They are classified into three subtypes (exosomes, 
microvesicles and apoptotic bodies) based on their bio-
genesis and size, and can deliver DNA, mRNA, miRNA, 
proteins and lipids to recipient cells [17]. EVs can concur 
in several physiological and pathological cellular pro-
cesses by altering the tumor microenvironment (TME) 
development and inducing the establishment of metasta-
ses [17–20]. In particular, miRNAs are loaded into EVs, 
thus playing an important role in intercellular communi-
cation, cancer cell proliferation and TME definition [21, 
22]. Oncogenic viruses, including HR-HPVs [23], alter 
the EV cargo and release from infected cells in order to 
favor the infection and/or promote carcinogenesis [24, 
25]. It has been shown that EVs contribute to the repro-
gramming of TME by delivering miRNAs to surrounding 
cells [25, 26]. In addition, it has been demonstrated that 

miRNAs can be loaded into exosomes through specific 
pathways [27]. Furthermore, E6 and E7 oncoproteins 
were shown to affect the miRNA cargo composition of 
EVs isolated from HPV positive cell lines [23].

Here we investigated whether the HPV49 genotype 
could support cell transformation by miRNA deregula-
tion. We reported the expression analysis of miRNAs 
derived from primary human foreskin keratinocytes 
transduced with the E6 and E7 oncoproteins of either β3 
HPV49 (K49) or α9 HR-HPV16 (K16), and from the cor-
responding EVs. The results showed an altered miRNA 
expression pattern in K49 and K16. Six miRNAs (miR-
17, -19a, -21, -34a, -99a and -590-5p) deregulated in 
K49, K16 and related EVs were identified and selected for 
their relevance in HPV-associated carcinogenesis. The 
modulation of the expression of the selected miRNAs 
in cellular and vesicular extracts of K49 and K16 corre-
lates with the alteration of CCND1 and CDK4, two cell 
cycle control factors with a pivotal role in HPV-induced 
carcinogenesis.

Methods
Cell cultures and treatments
Primary human foreskin keratinocytes were transduced 
with pLXSN49E6E7, pLXSN16E6E7 or pLXSN alone, 
as previously described by Caldeira et  al. [9], and will 
be referred to as K49, K16 and HFK, respectively. HFK 
or K16 and K49 silenced for E6 and E7 by specific small 
interfering RNAs (siRNAs) (K16 sil. and K49 sil.) were 
used as controls. All cell types were cultured in KGM-
Gold medium complemented with KGM-Gold Single 
Quots (Lonza, Basel, Switzerland) in a humidified atmos-
phere and 5.0%  CO2 at 37 °C.

HPV16 E6/E7 and HPV49 E6/E7 silencing
SiRNAs able to target HPV16 E6, HPV16 E7, HPV49 E6, 
HPV49 E7 mRNAs were designed and synthesized by 
Qiagen (Hilden, Germnay) as follows: HPV-16 E6 siRNAs 
sense 5’-GAG GUA UAU GAC UUU GCU U-3’, HPV-16 E6 
siRNAs antisense 5’-AAG CAA AGU CAU AUA CCU C-3’; 
HPV-16 E7 siRNAs sense 5’-AGG AGG AUG AAA UAG 
AUG G-3’, HPV-16 E7 siRNAs sense antisense 5’-CCA 
UCU AUU UCA UCC UCC U-3’; HPV-49 E6 siRNAs sense 
5’-GCA TAT CAC GAG TTT ACT AAT-3’, HPV-49 E6 siR-
NAs antisense 5′-ATT AGT AAA CTG CTG ATA TGC-3’; 
HPV-49 E7 siRNAs sense 5’-GCC ACT GAC GCT GCT 
ATT AGA-3’, HPV-49 E7 siRNAs antisense 5’-TCT AAT 
AGC AGC GTC AGT GGC-3’. Silencing was performed 
by transfection following manufacturer’s instructions. 
Briefly, for a 100 mm diameter Petri dish, 3 μl of siRNA 
E6 (20 µM), 3 μl of siRNA E7 (20 µM) and 35 μl of HiPer-
fect Transfection Reagent (Qiagen, Hilden, Germany) 
were diluted in 500  μl of KGM-Gold medium (Lonza, 
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Basel, Switzerland) without supplements and mixed by 
vortexing. After 10 min at room temperature, the trans-
fection solution was added drop-wise onto the cells. The 
lower expression of HPV49 E6 or E7 and HPV16 E6 or E7 
was confirmed by Real Time RT-PCR 96 h following the 
siRNA silencing.

MiRNA extraction and TaqMan array human MicroRNA 
A card analysis
Cells were lysed by using mirVana miRNA detection kit 
(Applied Biosystems, Waltham, MA, USA) that allows 
detecting small RNAs, following the manufacturer’s 
procedure. The extracted RNA was retro-transcribed 
by TaqMan Micro-RNA Reverse Transcription Kit and 
Megaplex RT Primers (Applied Biosystems, Waltham, 
MA, USA). TaqMan Array Human MicroRNA A Card 
(Applied Biosystems, Waltham, MA, USA) was used to 
analyze the expression of 384 miRNA sequences in K49 
and K16 cells compared to HFK. Data obtained were ana-
lyzed by using qPCR on Thermo Fisher Cloud (Thermo 
Fisher Scientific, Waltham, MA, USA) and setting global 
normalization, 35 as maximum Threshold Cycle (Ct) and 
HFK or K16 sil. as a reference.

Extracellular vesicles (EVs) purification
K16 and K49 were seeded at 1 ×  106 cells in 100‐mm‐
diameter Petri dishes (3 plates for each condition) and, 
2 h later, silenced for E6 and E7 as previously described. 
After 96 h, supernatants were collected and EVs isolated 
by serial centrifugations. Supernatants were centrifuged 
at 500 × g for 10 min and 2000 × g for 10 min to remove 
detached cells and cellular debris, and then ultracentri-
fuged at 100,000 × g for 60  min. Pellets containing EVs 
were lysed to extract total RNA as described below.

Real‑time RT‑PCR
Cells were seeded as described in the above section. After 
96 h, after the collection of supernatants for EVs purifi-
cation, cells were detached with trypsin EDTA 0.25% 
(Corning, Corning, NY, USA), washed twice in PBS, 
and an aliquot was lysed for total RNA extraction using 
the Total RNA Purification Kit (Norgen Biotech Corp., 
Thorold, ON, Canada). The extracted RNA was retro-
transcribed by using the TaqMan Micro-RNA Reverse 
Transcription Kit while specific miRNA amplifications 
were performed by using TaqMan-based Small RNA 
assays following manufacturer’s instructions (Applied 
Biosystems, Waltham, MA, USA). For the determina-
tion of the rate of E6 and E7 silencing, total RNA was 
extracted from K16, K49 and the corresponding silenced 
cells using the Total RNA Purification Kit (Norgen Biotek 
Corp., Ontario, Canada). One μg of total RNA was retro‐
transcribed using the Tetro cDNA synthesis kit (Meridian 

BioScience, Cincinnati, Ohio, USA), and cDNA products 
were analyzed by Real Time RT-PCR using the SensiMix 
SYBR Hi‐ROX Kit (Meridian Bioscience, Cincinnati, OH, 
USA). Data were normalized using HPRT‐1 as endog-
enous controls and expressed using the  2−ΔΔCT method 
[28]. The gene-specific primers used to detect E6 and E7 
of HPV16 and HPRT-1 mRNAs were selected from Chi-
antore et  al. [16] while those used to detect E6 and E7 
of HPV49 are the following: E6 FWD 5’-TGG TTG TTG 
TGC AGC TTG TG-3’; REV 5’-ATA TTA GCC GCT GCT 
CGT CC-3’; E7 FWD 5’-TGC GAG TCT TCG TGT TAG 
CC-3’; E7 REV 5’-CAC GAC ACT GAG GAC ACA AGA-3’.

Western blot analysis
To analyze protein expression, K16, K16 sil., K49 and K49 
sil. were lysed in UBI buffer (50 mM Tris pH 7.4, 1 mM 
EDTA, 0.1% NP40, 250  mM NaCl, 5  mM NaF, 0.5  mM 
NaVO3, pepstatin, PMSF, aprotinin, benzamidine, leu-
peptin). Total cell extracts were cleared by centrifugation 
and boiled in the presence of 5% 4–2-Mercaptoethanol 
and 0.01% bromophenol blue. Forty μg of total proteins 
were resolved on SDS-PAGE and transferred onto PVDF 
membrane (Amersham, Amersham, UK). Membranes 
were blocked with 5% dried skim milk dissolved in PBS-
Tween 20 and incubated with the following primary anti-
bodies: mouse anti-CCND1 (Sigma Aldrich, St. Louis, 
MO, USA), goat anti-CDK4 (Santa Cruz Biotechnology, 
Dallas, TX, USA); mouse anti-p53 (Santa Cruz Biotech-
nology); mouse anti-Actin (Santa Cruz Biotechnology, 
Dallas, TX, USA) and rabbit monoclonal anti-GAPDH 
(14C10, Cell Signaling, Danvers, MA, USA) as loading 
control. Immune complexes were detected with horse-
radish peroxidase-conjugated goat anti-rabbit, rabbit 
anti-mouse (Calbiochem, San Diego, CA, USA) and don-
key anti-goat antiserums (Santa Cruz Biotechnology) fol-
lowed by enhanced chemiluminescence reaction (Clarity 
Western ECL Substrate, Bio‐Rad).

Principal component analysis (PCA)
PCA was performed by using ClustVis website by using 
the “PCA method” of the R package (https:// biit. cs. ut. 
ee/ clust vis/# editi ons; for more information see here 
[29]). Shortly, the analysis was conducted on ΔCt of all 
the miRNAs that were eligible for selection (black dots of 
Figs. 1a and 2a) from the TaqMan Array Human Micro-
RNA A Cards analysis of HFK, K49, EV K16 and EV K16 
sil. To allow for a comparison, ΔCt derived from analysis 
performed on miRNAs derived from K16 and K38, pre-
viously published [16], and from HFK transduced with 
pLXSN76E6E7 (K76) were used. A list of ΔCt derived 
from a monocyte cell line was used as a control to verify 
the effectiveness of PCA (data not shown).

https://biit.cs.ut.ee/clustvis/#editions
https://biit.cs.ut.ee/clustvis/#editions
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MiRNA targets prediction
To determine a set of predicted targets for a selected 
miRNA DIANA Tools TarBase v.8 software (http:// www. 
micro rna. gr/ tarba se) was used. The predicted targets, 
shown in Fig. S4b, were classified by using database man-
agement software (Microsoft Office Access, Redmond, 
WA, USA) to collect all the proteins sharing at least 3 of all 
the selected miRNAs as modulators.

Statistical analysis
Two‐tail P value Mann‐Whitney t test was performed 
to compare two sample groups. *: P < 0.05; **: P < 0.01; 
***: P < 0.001. All data are presented as mean ± SD.

Results
MicroRNAs expression is deregulated in K49 compared 
to HFK cells
The expression analysis of the most valuable and sig-
nificant human miRNAs was performed in K49 by using 
TaqMan Array Human MicroRNA A Card as described 
in Materials and Methods.

The dispersion plot in Fig.  1a shows that 35 miRNAs 
were deregulated in K49 compared to HFK, used as a 
control. The complete list of deregulated miRNAs can 
be found on Additional file  1: Table  1S. HPV49 E6 and 
E7 can alter the expression of a wide range of miRNAs, 
as observed also for HPV16 and 38 E6/E7-transformed 
keratinocytes [16]. To establish whether HPV49 E6 and 
E7 deregulated miRNAs expression more like mucosal 
HR-HPV16 or cutaneous HPVs, a principal component 
analysis (PCA) was applied to the dataset (Fig. 1b). This 
analysis was performed using ClustVis website on ΔCt 
of all the miRNAs that were eligible for selection. The 
miRNA dataset for each cell type analyzed and its vari-
ability was reduced and represented as a single dot on a 
first principal component (PC)1 vs PC2 scatterplot.

The first component describes the majority of the vari-
ance and shows a great similarity among the dots rep-
resenting HPV E6/E7-positive cells and HFK. Only by 
analyzing the second component, the differences among 
K49, K16 and K38 emerged. Dot K76 represents the 
miRNA dataset from keratinocytes transduced with E6 
and E7 of cutaneous β3 HPV76 genotype and confirmed 
characterization of β3 species along PC2. Overall, PCA 
suggests that few miRNAs can discriminate cells trans-
duced with E6/E7 of β3 HPVs from others.

HPV‑16 E6 and E7 expression can regulate the EV content 
of specific microRNAs
To define the possible role of E6 and E7 in the loading and 
spreading of miRNAs by EVs, a TaqMan-based miRNA A 
array was used to analyze hundreds of miRNAs associated 
to cancer in EVs derived from K16 cells (EV_K16) versus 

EVs derived from E6/E7 silenced K16 (EV_K16 sil.). The 
complete list of deregulated miRNAs can be found on 
Additional file 1: Table 2S. Sixty-two miRNAs were iden-
tified based on their deregulation level (Fig.  2a). Since 
E6 and E7 oncoproteins can deregulate the expression of 
several miRNAs detected in EVs, we wondered whether 
this deregulation could show a valuable difference among 
dataset of miRNAs from EVs derived from silenced or 
non-silenced K16 cells and from the producing K16 
cells. To verify this hypothesis, we performed PCA also 
on miRNA datasets from EV_K16, EV_K16 sil., K16 and 
HFK (Fig. 2b). A minimal variation on PC1 among K16, 
EV_K16 and EV_K16 sil. was registered, displaying a simi-
lar miRNA profile between producing cells and derived 
EVs. The distance on PC2 axis from EV_K16, EV_K16 sil. 
and K16 indicates the possibility to find a small group of 
miRNAs that characterize the vesicular miRNA dataset 
compared to the cellular one. This difference seems not to 
be strictly dependent on the expression of E6 and E7. The 
dots representing the HFKs confirm the effectiveness and 
centrality of PC1 in discriminating the variability among 
different datasets, as previously observed (Fig. 1b).

K49 and K16 are able to deregulate miR‑17, ‑19a, ‑21, ‑34a, 
‑99a, ‑590‑5p both in cellular and in vesicular extracts
The analysis of the involvement of HPV E6 and E7 in 
miRNA deregulation was focused on selected miR-
NAs, whose expression was analyzed by Real Time RT-
PCR both in cellular and vesicular RNA extracts from 
K49, K49 sil., K16 and K16 sil. (Fig. 3a, b). The selected 
miRNAs showed evident deregulation in the card array 
in both K49 and K16 cells. Moreover, based on the 
PCA results, we extended the choice to some miRNAs 
detected into K16 EVs with the hypothesis that they 
might be important also in the EVs derived from K49 
cells. MiR-17, -19a, -21, -34a, -99a and -590-5p were ana-
lyzed in K49 and K16 cells, and EVs compared to those 
from cells silenced for E6 and E7 used as a control. Quan-
titative RT-PCR results in K49 cellular extracts showed 
that miR-17, -19a and -590-5p were significantly upregu-
lated, and that miR-34a was downmodulated (Fig.  3a). 
Conversely, miR-17, -19a, -21 and -99a expression was 
significantly decreased and miR-34a expression was 
increased in K49 EVs. The analysis of these miRNAs in 
K16 cells and EVs (Fig. 3b) showed the downmodulation 
of miR-17, -21, -34a and miR-590-5p, and the upregula-
tion of miR-19a and -99a in cell extracts. The same results 
were obtained in K16 EVs, except for miR-21.

E6 and E7 oncoproteins of HPV49 and HPV16 affect CCND1, 
CDK4 and p53 expression
After the selection of the miRNAs (miR-17, -19a, -21, 
-34a, -99a and -590-5p) deregulated by HPV49 and 

http://www.microrna.gr/tarbase
http://www.microrna.gr/tarbase
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HPV16, we proceeded to identify common protein tar-
gets of these miRNAs by using the DIANA Tools soft-
ware TarBase v.8 (Fig. 4b). Protein targets were identified 
among proteins belonging to the cell cycle regulating 
pathways important for HPV-associated carcinogenesis, 
as shown in Fig. 4a.

MiR-17, -19a, -21, -34a, -99a e -590-5p showed a simi-
lar set of targets. Interestingly, cyclin D1 (CCDN1) is a 
common target for all miRNAs analyzed. It belongs to the 
family of cyclin-dependent kinases (CDK) which are fun-
damental in the regulation of cell cycle. CDK4 and p53 

are common targets to three of the analyzed microRNAs. 
All these proteins are pivotal in the development of HPV-
associated tumorigenesis. The levels of CCND1, CDK4 
and p53 targets were investigated by western blot analysis 
in K49 and K16 compared to K49 and K16 silenced for 
E6/E7 cells. Figure 5a shows that CCND1 expression was 
increased in K49 sil. and K16 sil. with respect to the non-
silenced cell lines. The same result was observed for p53, 
although for this oncosuppressor it must be taken into 
account that the silencing of E6 itself leads to the rescue 
of p53 levels. CDK4 expression was upregulated in K49 

Fig. 1 a MiRNA profiling in K49 compared to HFK cells. MiRNA analysis was performed using the TaqMan Array Human MicroRNA A Card. 
Results were expressed as fold of induction using the  2−ΔΔCT method [28] and HFK as a reference. According to the  2−ΔΔCT method, the value of 
non-deregulated MiRNAs was set to 1. Deregulated and selected miRNAs are indicated with black dots; non-deregulated miRNAs are plotted 
with gray dots. b Principal Component Analysis performed on ΔCts derived from the analysis of K16, K38, K49, K76 and HFK used as controls. Each 
dot represents the variance of 35 miRNAs, selected from the previous analysis on K49 cells, for each reference cell population (K16, K38, K49, K76 
andHFK). PCA was performed by using ClustVis (https:// biit. cs. ut. ee/ clust vis/) algorithm

https://biit.cs.ut.ee/clustvis/
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sil. while it was downregulated in K16 sil. (Fig. 5c). The 
silencing rates in K49 and K16 cells relative to western 
blot analyses are shown in Fig. 5b, d.

The modulation of some targets of the miRNAs dereg-
ulated by E6 and E7 indicates that the HPV oncoproteins 
can affect, with different mechanisms, specific factors 
with key roles in cell cycle progression.

Discussion
It is known that the oncogenic potential of HPV lies in 
the transforming activity of the E6 and E7 viral proteins, 
which, interacting with different host cell proteins, can 
interfere with the main cellular processes such as the 
cell cycle, apoptosis and shortening of telomeres [30]. 
Twelve high-risk mucosal papillomaviruses belonging to 

Fig. 2 a MiRNA profiling on EV_K16 compared to EV_K16sil. Results were expressed as fold of induction or decrease using the  2−ΔΔCT method, and 
EV_K16 sil., as a reference. According to the  2−ΔΔCT method, the value of non-deregulated miRNAs was set to 1. The miRNAs not showing variation 
in the expression between EV_K16 and EV_K16 sil. are positioned on the value equal to one. The selected and deregulated miRNAs are indicated 
with black dots; non-deregulated miRNAs are plotted with gray dots. b Principal Component Analysis conducted on ΔCts derived from the analysis 
of EV_K16, EV_K16 sil., K16, keratinocytes and monocytes used as controls. Each dot represents the variance of 62 miRNAs selected from the 
previous analysis on EV_K16, for each reference cell population (EV_K16, EV_K16 sil., K16 and HFK). PCA was performed by using ClustVis (https:// 
biit. cs. ut. ee/ clust vis/) algorithm

https://biit.cs.ut.ee/clustvis/
https://biit.cs.ut.ee/clustvis/
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the Alpha genus, including HPV16, are known to be the 
cause of squamous carcinoma of the uterine cervix (SCC) 
and of other tumors. On the other hand, the role of cuta-
neous β-HPVs genus in the carcinogenesis of human 
skin keratinocytes is not yet fully understood. β-HPVs 
are abundantly present in healthy skin as well as in skin 
tumors such as actinic keratosis and keratoacanthoma, 
indicating that some HPV genotypes can be involved in 
the development of cutaneous carcinomas in cooperation 
with UV radiation [6, 31, 32]. Recent studies found that 
β-HPVs, and in particular β3, which includes HPV49, 
HPV75, HPV76 and HPV115, can also infect other 

anatomical areas besides the skin, such as the epithelium 
of the oral mucosa, eyebrow hair and external genitalia 
[12]. Interestingly, the β3 HPV49 shares several biological 
properties with the mucosal HR α-HPV16 [12].

Cutaneous β-HPVs seem to act in the early stage of 
carcinogenesis by targeting cellular proteins such as pRb 
and p53, but only a limited number of studies have inves-
tigated the transformation capacity of β-HPVs in primary 
keratinocytes [6, 16]. In the context of natural infection, 
β-HPVs have developed strategies to keep infected cells 
in a proliferative state in order to effectively complete 
their life cycle in the skin [33].

Fig. 3 MiRNA expression analysis performed in a K49, K49 sil., EV_K49, EV_K49 sil. and b K16, K16 sil., EV_K16, EV_K16 sil.. Total RNA from each 
sample was purified as described in Materials and Methods. RNU6 was used as a calibrator and K49 sil., EV_K49 sil., K16 sil. and EV_K16 sil. were used 
as controls. Results were expressed as fold of induction or decrease using the  2−ΔΔCT method [28]. The reported values represent the mean of three 
independent experiments ± the standard deviation. P-values (P) are indicated with asterisks. **P ≤ 0.01, *P ≤ 0.05



Page 8 of 12Chiantore et al. Infectious Agents and Cancer           (2022) 17:29 

Fig. 4 a Cell cycle pathways downloaded from http:// www. micro rna. gr/ tarba se. b Venn diagram with predicted targets sharing at least 3 of the 
selected miRNAs as modulators and linked to cell cycle pathways selected by DIANA Tools TarBase v.8 software (http:// www. micro rna. gr/ tarba se) 
and classified by database management software (Microsoft Office Access, Redmond, WA, USA)

Fig. 5 Western blot analysis of CCND1, p53 (a), and CDK4 (c) in K49 and K16 or K49 and K16 silenced for E6 and E7. Whole cell extracts were 
resolved on SDS-PAGE and transferred onto PVDF membrane. Immunoblotting was performed as reported in Materials and methods. Actin (a) and 
GAPDH (c) were used as an internal loading control. Two representative experiments out of five performed are shown. Rate of E6 and E7 mRNA 
downmodulation following siRNA silencing are shown for each experiment in (b) and (d)

http://www.microrna.gr/tarbase
http://www.microrna.gr/tarbase
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HPV49 E6 oncoprotein, similar to E6 of mucosal 
HPV16, binds to p53 promoting its degradation through 
the proteasome pathway; however, the possibility has 
been highlighted that the β3 HPV E6 and E7 proteins 
may use alternative and not yet characterized mecha-
nisms to block p53 function. In addition, E6 and E7 of 
HPV16 and HPV49 are capable of immortalizing primary 
human keratinocytes with similar efficiency levels [12].

It has also been reported that the action of the HPV E6 
and E7 viral oncoproteins can be carried out at the post-
transcriptional level through the modulation of microR-
NAs [14, 16, 34, 35].

The present work investigated whether cutaneous β3 
HPV49 is able to deregulate selected miRNAs involved 
in tumorigenesis promotion as already observed for 
mucosal α-HPV16 and cutaneous β2 HPV38 [16, 34]. 
MiRNA profiling of keratinocytes transduced with E6 
and E7 from cutaneous β3 HPV49 (K49) showed that the 
expression of HPV49 E6 and E7 leads to the modulation 
of different miRNAs compared to primary keratinocytes 
transduced with the pLXSN plasmid (HFK), used as a 
control. In particular, 35 miRNAs whose expression was 
significantly regulated, were identified (Fig.  1a). Prin-
cipal Component Analysis (Fig.  1b) was performed to 
investigate whether the patterns of miRNA expression 
altered by HPV49 E6 and E7 were similar to those already 
reported for mucosal α-HPV16 and cutaneous β2 HPV38 
miRNAs [16]. PCA suggests that few miRNAs could dis-
criminate cells transduced with E6 and E7 of β3 HPVs 
from the others.

The importance of EVs in the HPV-associated tumo-
rigenesis process is increasingly evident [23, 24, 36]. It 
has been shown that in tumor cells EVs release is altered 
and implements a functional modification of the cellu-
lar microenvironment thereby reducing the antitumor 
immune response. In addition, microRNAs can play an 
important role in HPV E6/E7-induced transformation 
not only as free molecules but also as EV cargo compo-
nents [16, 37, 38]. EVs derived from K16 cells (EV_K16) 
were isolated to analyze miRNA expression by TaqMan-
based miRNA array in order to investigate the presence 
of specific miRNAs potentially involved in HPV-induced 
tumorigenesis.

In this case, we used E6/E7 silenced K16 cells (EV_K16 
sil.) as controls to overcome the low EV release observed 
in HFK and the tendency of these untransformed cells to 
go senescence (data not shown). Through this approach, 
62 deregulated miRNAs were identified (Fig.  2a). PCA 
analysis showed a minimal variation on PC1 among 
K16, EV_K16 and EV_K16 sil., suggesting the exist-
ence of a similar expression pattern between the cells 
and their respective EVs (Fig.  2b). Indeed, it is known 
that exosomes can use specific mechanism for miRNA 

uploading [27], thereby, it might be reasonable to find a 
superimposable miRNA distribution in the released EVs 
and the parental cells. Only by analyzing the distance 
on PC2 from EV_K16, EV_K16 sil. and K16 it is possi-
ble to find a small group of miRNAs able to discriminate 
between vesicular and cellular miRNA patterns. In this 
work, the analysis on the six selected miR-17, -19a, -21, 
-34a, -99a and -590-5p was performed based on the card 
array results of K49, EV_K16 and EV_K16 sil., and on lit-
erature data [16, 39–41]. Deregulation of these miRNAs 
was confirmed by Real Time RT-PCR both in cellular 
lysates and vesicular RNA extracts from K49 and K16 
compared to the same cell lines silenced for E6 and E7, 
used as controls.

In K49 cells, miR-17, -19a and -590-5p were signifi-
cantly upregulated and miR-34a was downmodulated. 
Conversely, miR-17, -19a, -21 and -99a expression was 
decreased and miR-34a expression increased in K49 EVs 
(Fig. 3a).

In both K16 cells and EVs we observed the down-mod-
ulation of miR-17, -34a and -590-5p and the upregulation 
of miR-19a and -99a. Only miR-21 had different regula-
tion in K16 cells and EVs, being downmodulated in cell 
lysates and upregulated in vesicular extracts (Fig. 3b).

MiR-17 and -19a belong to the miR-17–92 clus-
ter, a highly conserved polycistronic miRNA clus-
ter expressed in a wide range of tumors that however 
may have antitumor properties [42, 43]. In particular, 
miR-17 is generally considered an oncogene, since it is 
upregulated in many tumors including HPV-induced 
cervical cancer [37, 39, 44]. High levels of this miRNA 
have been found in the serum of patients with differ-
ent types of cancer [45, 46]. Nevertheless, it has been 
reported that miR-17 also possesses metastasis sup-
pressor functions [47]. MiR-21 is associated with onco-
genesis in many different cancers, indicating that it is 
a potential clinical biomarker. Elevated levels of miR-
21 have also been detected in cervical cancer [39]. 
Moreover, it has been suggested that miR-21-enriched 
exosomes may play a role in tumor cell proliferation, 
migration, and invasion [48]. It is known that miR-34a 
is a target of p53, since its promoter contains the p53 
binding site. In turn, p53 is also a target of miR-34a. 
Indeed, the interplay between miR-34a and p53 is very 
complex: p53 induces miR-34a transcription, but miR-
34a can regulate the expression and activity of p53 pro-
tein both positively and negatively [48, 49]. MiR-34a is 
downregulated in cervical cancer and in HPV16 posi-
tive cells [16, 39, 50, 51]. MiR-99 belongs to a miRNA 
family with important roles in cancer progression and 
immunity. Levels of members of miR-99 family were 
shown to be down-regulated in tumor cells [52]. MiR-
590-5p was reported to be upregulated as a tumor 
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oncogene in human cervical cancer and other types of 
cancers but it can also exert an anti-tumorigenic role, 
as in colorectal and breast tumors [53]. Therefore, 
it seems clear that all these miRNAs can act as both 
oncomiRs and tumor suppressor miRNAs, depending 
on the type of tumor and the target genes they affect 
[54]. The difference between the results of miRNA 
modulation by HPV49 and HPV16 E6 and E7 probably 
reflects both the cellular context (i.e., keratinocytes 
expressing proteins from two different HPV genotypes) 
and the different regulation of miRNA targets.

The identification of a specific target for a given miRNA 
is a particularly complex process because each miRNA 
targets multiple potential mRNAs and, conversely, the 
same target is regulated by several miRNAs [55].

The amount of validated and predicted targets for 
each miRNA is very high, so we established a “rule of 
engagement” to make a choice. In particular, the choice 
was based on targets belonging to central pathways in 
the HPV-associated tumorigenic process as this could 
support the possibility of an effective role of miRNAs 
in the process. Although several viral-cellular pathways 
involved in the induction of HPV-related carcinoma have 
been identified, those well-characterized are involved 
in safeguarding the integrity of the cellular genome by 
inducing, in the presence of DNA damage, the cell cycle 
deregulation (Fig. 4a). From the analysis of the molecu-
lar pathways of our interest, it emerged that the only tar-
get gene common to all selected miRNAs (miR-17, -19a, 
-21, -34a, -99a and -590- 5p), was cyclin D1 (CCND1) 
(Fig. 4b).

Cyclin D1 is involved in the early stages of the cell 
cycle and acts as a regulatory subunit of CDK4 or CDK6 
kinases, also encoded by target genes of the selected 
microRNAs [56]. The activity of CCDN1 is essential for 
the transition from the G1 phase to the S phase of the cell 
cycle [57].

In our study, we focused on CCDN1 and CDK4, as the 
cyclinD1-CDK4 dimer normally inhibits the pRb protein 
allowing the E2F transcription factor to transcribe the 
genes necessary for entry into the S phase, while in an 
HPV-mediated infection E7 binds to pRb thus modifying 
the normal control of the cell cycle [58, 59].

In addition to the CCND1 target gene, the TP53 tar-
get mRNA, common to miR-17, -19a and -34a, was also 
identified. Normally the keratinocytes, following DNA 
mutations due to various causes such as UV rays or expo-
sure to cancerogenic substances, respond by activating 
the DNA damage repair pathways (Fig.  4a), and induc-
ing the cell cycle arrest or, if the damage is not repairable, 
apoptosis. On the other hand, HPV-infected keratino-
cytes express E6 and E7 viral proteins able to inhibit 
these molecular mechanisms [6].

Western blot analysis performed in K49 and K16 com-
pared to E6/E7-silenced cells demonstrated that CCND1 
expression is upregulated in K49 sil. and K16 sil. whereas 
CDK4 expression is upregulated in K49 sil. but downreg-
ulated in K16 sil. (Fig. 5a, c). Regarding p53, we observed 
the upregulation both in K49 and K16, as expected since 
the silencing of E6 itself leads to the rescue of p53 lev-
els. However, we cannot exclude that this upregulation is 
also the result of the modulation of the miRNAs target-
ing p53.

Taken together, these results indicate that HPV49 and 
HPV16 oncoproteins can affect the levels of cellular reg-
ulatory factors that are targets of miRNAs involved in 
the tumorigenesis process. Clearly, HPV E6 and E7 can 
exert their function on these and other regulatory fac-
tors by different direct and indirect mechanisms, includ-
ing miRNA modulation. However, even if the interplay 
among HPVs, miRNAs and cellular regulators is very 
complex, the action of different HPV E6 and E7 oncopro-
teins with transformation properties converges towards 
the same pathways with a key role in cell cycle control 
[60]. Although our results on the expression of miR-
NAs and their targets in keratinocytes transduced by β3 
HPV49 and α9 HPV16 are not always superimposable, 
K49 and K16 seem to affect the same cellular pathways to 
induce cell transformation and cancer.

Conclusions
We identified miRNAs with a possible pivotal role in the 
complex tumorigenic mechanism associated with HPV 
infection. We showed that HPV belonging to different 
genotypes and with different tropism could converge in 
the way of acting. All this may shed new light on the plas-
ticity of the virus-host adaptation and the possibility of 
interaction among different genotypes during persistent 
HPV infection. Elucidating the role of EVs and micro-
RNAs in HPV carcinogenesis could contribute to the 
advancement of knowledge of the molecular mechanisms 
underlying the HPV-host interaction and to the defini-
tion of the role of different genotypes in different HPV-
associated types of cancer.

It is therefore important to analyze the effects of the 
EV miRNAs on the expression of potential targets in 
the acceptor HPV-negative cells in order to broaden 
and deepen the study of the role of miRNAs in the 
HPV-induced tumorigenesis. The study of the complex 
mechanism underlying the HPV activity in the host cell 
could open up new scenarios regarding the deregula-
tion of cellular processes during HPV-associated tumo-
rigenesis, highlighting the fundamental role of small 
non-coding RNAs also in the tumor microenvironment.
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