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Despite the essential role of Human Papillomavirus (HPV) in cervical carcinogenesis, other factors are required

HPV for cancer establishment, like miRNAs. Such molecules present a complex biogenesis, being diversely distributed

Circulating miRNAs

Cell-free miRNAs

EV-derived miRNAs

Squamous intraepithelial lesions
Cervical cancer

across tissues and biological fluids, as cell-free miRNAs or miRNAs present in extracellular vesicles (EV). After
HPV infection, an interplay between HPV and the miRNA network occurs in cervical cells. As the virus persists
and cellular transformation occurs, specific patterns of miRNA expression are found in different stages of cervical
disease. Thus, defining promising miRNAs/specific miRNA signatures - especially circulating miRNAs - re-
presents an interesting strategy for screening (diagnosis, prognosis, etc.) those stages. Despite the limited

number of studies investigating circulating miRNAs in distinct biological fluids, accumulating data have pointed
to some promising candidates, both as cell-free or EV-derived miRNAs. Here we highlight some of these pro-
mising non-invasive biomarkers and bring attention to the urgent need for efforts in this field.

1. Introduction

Cervical cancer (CC) is one of the commonest cancers in women
worldwide, with approximately 500,000 new diagnosed cases every
year [1]. In developing countries, especially due to inadequate
healthcare services and limited resources, CC is the main cause of death
by cancer among women [2]. Cervical carcinogenesis is closely related
with Human Papillomavirus (HPV), an oncogenic virus actively in-
volved in cervical epithelium transformation. After HPV infection and
persistency, squamous intraepithelial lesion (SIL) development may
occur, which may heal or persist and evolve to cancer. CC is mainly
considered a consequence of a long-term HPV infection (although some
cases evolve in a short period of time), basically resulting in the in-
corporation of the viral DNA into the host DNA, overexpression of

oncogenic genes (such as E6 and E7) and induction of oncogenic
transformation. Deregulation of cell cycle and disturbance of apoptotic
pathways (as well as the induction of chromosomal instability) are
processes essentially involved in cervical carcinogenesis [3].

Despite overwhelming evidence that certain subtypes of HPV are
the main causative agents of SIL development and progression to CC, it
is also well-established that HPV alone is not sufficient to induce cer-
vical malignant transformation. Other significant cofactors contribute
to the multi-step process of cervical carcinogenesis, mainly individual
genetic variations and environmental factors [4]. At the cervical mi-
croenvironment, several components appear to play important roles in
HPV infection establishment, persistency, and progression to SIL and
CC. Among these components, we highlight the role of microRNAs
(miRNAs) - endogenous, noncoding RNA molecules of approximately
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22 nt in length, presenting a remarkable ability to posttranscriptionally
modulate gene expression by binding to complementary sequences in
the 3’ untranslated region (UTR) of target messenger RNAs (mRNAs)
[5,6].

Accumulating data have shown that miRNA profiles are surprisingly
informative, reflecting the developmental lineage and differentiation
stages of distinct tumors, being able to successfully categorize human
cancers [7,8]. The underlying molecular mechanisms of miRNAs in
cancer are not yet fully understood, but specific patterns of miRNA
expression have been associated with many tumor types, including CC.
Several miRNAs have been detected as differentially expressed in dis-
tinct degrees of SIL and stages of CC, as has been demonstrated their
ability to be functionally involved in signaling pathways directly as-
sociated with cervical carcinogenesis [9]. Such knowledge is becoming
quite solid for cellular miRNAs, although an ongoing effort still needs to
be maintained, in order to properly define a reliable miRNA cellular
signature in SIL and CC.

Besides being present in cellular compartments, miRNAs are also
present in biofluids, such as blood, saliva and urine, occurring under
both physiological and pathological conditions [10]. Generally known
as circulating miRNAs, these transcripts can be associated with pro-
teins, especially with Argonaute (Ago) protein, or packed into extra-
cellular vesicles (EVs). In the present review, we considered two types
of circulating miRNAs: those that are associated with Ago protein and
defined as cell-free miRNAs (or as non-EV-derived miRNAs); and those
that are packed into EVs, defined as EV-derived miRNAs.

In contrast to cellular miRNAs, little is known about cell-free and
EV-derived miRNAs in different degrees of SIL and CC. Thus, the aim of
this review is to provide an updated perspective about circulating
miRNAs, comprising data about cell-free and EV-derived miRNAs from
SIL to CC, identifying circulating miRNAs (or specific miRNA sig-
natures) as potential biomarkers of cervical carcinogenesis stages.
Additionally, despite our focus on circulating miRNAs, we also present
a brief overview about cellular miRNAs in different stages of cervical
carcinogenesis, in order to establish connections (or reveal the gaps)
between what is found within cellular and extracellular compartments.

2. HPV and cervical carcinogenesis

In the cervical microenvironment, during a certain point of the
woman's life, a physiological process characterized by the replacement
of the glandular epithelium by the squamous epithelium occurs, leading
to the establishment of a large area of immature squamous metaplastic
epithelium - defined as the transformation zone. This region is char-
acterized by the presence of transforming cells, and it is the commonest
site of the cervix for abnormal cells to develop, being a quite vulnerable
area for HPV infection [11].

As mentioned before, several factors are involved in cervical carci-
nogenesis, with HPV infection being a strictly necessary event for this
outcome. According to its carcinogenic potential, HPVs are classified as
low-risk (LR), undetermined-risk (UR) or high-risk (HR) HPVs, with the
latter being involved in cervical carcinogenesis. Among HR-HPV, HPV-
16 and HPV-18 stand as the most important for SIL and CC develop-
ment. HPV-16 is the most predominant type, present in > 50% of CC
cases annually diagnosed. Together with HPV-18, they respond for the
great majority of CC cases [12-14].

In spite of the carcinogenic potential of HR-HPVs, < 5% of infected
individuals develop CC [15]. This low percentage of individuals pro-
gressing to CC is highly associated with an efficient host clearance of
the virus, which is observed in almost all individuals with a competent
immune response. On the other hand, when immune competence is
somehow impaired and/or other factors take action, abnormal changes
within the host cells continuously occur, increasing the risk of SIL and,
consequently, of CC development [16].

Progression to CC from a pre-invasive state to an invasive cancer
itself is a slow process, taking years/decades to occur. Generally, after
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HPV infection and persistency, an abnormal growth of squamous cells
on the surface of the cervix may be observed, characterizing SIL stages.
According to the extension of the affected tissue and disposal of ab-
normal cells, SIL can be classified as low-grade (LSIL) or high-grade
(HSIL) squamous intraepithelial lesions. In LSIL, approximately one
third of the cervical epithelium is compromised, presenting a produc-
tive HPV infection, characterized by intense viral replication and mild
cellular alterations. HSIL, on the other hand, compromises more than
two thirds of the cervical epithelium, leading to cell cycle progressive
deregulation, increased cellular proliferation and decreased cellular
maturation and viral replication rates [17,18]. After LSIL establishment
and persistence, progression to HSIL may occur, and, as HSIL persists,
an important event may take place — the integration of HPV genome
into the host genome. Viral integration is an imperative step for cervical
carcinogenesis and may lead to disruption of an essential transcrip-
tional repressor gene (E2), increasing the expression of E6 and E7 on-
cogenes [3]. As HSIL progresses, a transformed and irreversible phe-
notype may be established, culminating in CC development [19].

Despite the tight interplay between oncogenic HPV and CC, and the
well-established understanding that HPV causes virtually all cases of
CC, it is clearly known that factors other than HPV infection are also
involved and actively participate in cervical transformation, initially in
SIL development and/or later in CC progression. Indeed, CC onset tends
to be the result of combined factors [20]. Genetic and epigenetic factors
are crucial elements in such context, with miRNAs standing as im-
portant players [21,22].

3. MiRNAs: general features and carcinogenic potential

Microribonucleic acids, or simply miRNAs, are ~22 nt RNA mole-
cules with broad phylogenetic distribution and posttranscriptional gene
expression regulation function. The human genome fathers at least
2600 mature miRNA sequences, derived from over 1900 precursor
molecules [23]. By binding to mRNA in a base-pairing manner, miRNAs
are thought to regulate one third of the human transcriptome, meaning
these molecules potentially participate in the regulation of every bio-
logical event. Furthermore, such widespread role is explained by fea-
tures related to miRNA genomics, maturation and function. These
molecules may originate from intergenic or intronic regions, i.e., may
be expressed by the activity of their own promoter or depend on the
expression of their host gene, respectively. Nevertheless, transcription
resulting in the long primary miRNA (pri-miRNA) is carried out by RNA
polymerase II. Still in the cell nucleus, this pri-miRNA is then processed
by an RNase III known as Drosha, giving rise to one (solo miRNA gene)
or more (clustered miRNA gene) precursor miRNAs (pre-miRNA),
characterized by a stem-loop, single stranded RNA molecule lacking the
long pri-miRNA overhangs. Through Exportin 5 (EXP5) and RAN-GTP,
the ~60-70 nt pre-miRNA is translocated from the nucleus to the cy-
toplasm, where it is further processed by another RNase III, Dicer. This
second processing event gives rise to a short, double stranded RNA
molecule known as the miRNA:miRNA* duplex. The star symbol is used
to indicate the less abundant miRNA species derived from the duplex.
More recently, however, specialists have been using 5p and 3p suffixes
to refer to the miRNAs that originate from the 5’ and 3’ arms of the pre-
miRNA, respectively, as miRNA abundancy varies among cell and tissue
types. Finally, one miRNA molecule derived from the duplex is loaded
into the RNA-induced silencing complex (RISC), formed as well by the
Ago protein. In this state, the miRNA will guide posttranscriptional
repression by binding, at its 5 end known as the seed sequence (2-8 nt),
to the 3’ untranslated region (UTR) of the target mRNA. Such base-
pairing will allow for mRNA degradation or translational repression
[6,24-26].

To the previously described canonical landscape, several unusual
routes have been added. Among these, we can mention: antisense or
exonic genomic origin; non-conventional Drosha processing; non-con-
ventional Dicer processing; importation of mature miRNAs to the
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Fig. 1. Schematic overview of the miRNA biosynthesis system: the canonical (full arrows) and non-canonical (dashed arrows) pathways. Conventionally, miRNA
genes reside in intergenic regions carrying their own promoters or in intronic regions of transcription units, therefore sharing the host gene promoter (1), being
commonly transcribed by RNA polymerase II (2). Occasionally, miRNA loci also give rise to miRNAs from antisense strand transcription and processing (1), being
optionally transcribed by RNA polymerase III (2). The pri-miRNA are commonly processed by Drosha into pre-miRNA, in a conventional Drosha processing, although
a non-conventional Drosha processing is still possible (3). The pre-miRNA is now exported from the nucleus to the cytoplasm by EXP5 (4). Once in the cytoplasm, the
pre-miRNA is generally converted into a miRNA duplex (miRNA:miRNA*) by a conventional Dicer processing, and occasionally by a non-conventional Dicer
processing (5). From the miRNA duplex, one strand is loaded into the RISC complex. Non-conventionally, the importation of mature miRNAs to the nucleus may
occur (6), where they may guide positive or negative transcriptional regulation (7). Optionally, miRNAs may remain in the cytoplasm and target the 5'UTR of an
mRNA (8), exerting positive (as facilitating the translation process) (9) or negative posttranscriptional regulation. Commonly, the miRNA strand loaded into RISC
may target the 3’'UTR of the mRNA (10), leading (in a sequence-specific manner) to mRNA degradation (11) or translation inhibition (12). Finally, miRNAs may be
secreted to the extracellular environment, where they may bind to carrier proteins as Ago or loaded within EVs (13). Ago, Argonaute protein; EXP5, Exportin 5; EVs,
Extracellular Vesicles; RISC, RNA-induced silencing complex; UTR, untranslated region. (Image source: Mind the Graph platform; https://mindthegraph.com).

nucleus, where they may guide RNA activation or transcriptional si-
lencing; targeting of 5 UTR or coding regions; and positive post-
transcriptional regulation [27]. Together, canonical and non-canonical
landscapes reflect the complexity and importance of the miRNA system,
as summarized in Fig. 1.

In addition to their complex biogenesis, miRNAs are diversely dis-
tributed across tissues and biological fluids. In other words, besides
present in the cellular compartment, miRNAs may also be found ex-
tracellularly. Secretion of cellular miRNAs to the extracellular en-
vironment, where they may circulate within EVs or bound to carrier
proteins (see section 5), was initially thought to be an unusual event.
However, it is now broadly reported that secreted miRNAs have im-
portant physiological roles in homeostasis maintenance. In fact, there is
considerable evidence that miRNAs shuttled within exosomes, a type of
EV, may bind to cell receptors, further inducing changes in the recipient
cell's physiology. By acting as hormones, the exosomal miRNA content
may play an important role, for example, in the crosstalk between the
tumor microenvironment and cancer cells [28]. Moreover, miRNA

expression is known to be established by transcriptional and post-
transcriptional regulatory events, which may be influenced by en-
dogenous and exogenous factors [29]. Hence, another explanation for
miRNA widespread importance would be the plasticity of miRNA ex-
pression, resulting in singular expression profiles under virtually every
different set of stimuli.

4. HPV versus cellular miRNAs: impacts on cervical
carcinogenesis

Several human miRNAs are known to be involved in carcinogenesis.
Many of these miRNAs either contribute to or repress the cancer phe-
notype by inhibiting the expression of tumor suppressors or oncogenes,
respectively. In cancer genetics, miRNAs have been classically cate-
gorized as either oncogenic or tumor suppressive, with oncogenic
miRNAs (oncomiRs) being overexpressed and tumor suppressive
miRNAs being generally underexpressed. Interestingly, a specific
miRNA can act as either an oncomiR or a tumor suppressor, depending
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on the context. A reasonable explanation for such contradiction relies
on the fact that a particular miRNA molecule has the capacity to target
different mRNAs, some of which may have opposing oncogenic or
tumor suppressive functions [30].

Concerning cervical carcinogenesis, HPV seems to exert an im-
portant effect over the cellular miRNA network. Most miRNAs involved
in this process seem to be expressed as a result of HPV infection, leading
to critical genomic alterations. Additionally, certain miRNAs originated
from the HPV genome (including the validated HPV-16-miR-H1-1 and
HPV-16-miR-H2-1) appear to target crucial host genes, such as genes
related to cell cycle progression, migration and immunological re-
sponse, being essential for viral infection and maintenance [31]. De-
spite HPV low viral load and technical challenges (facts that for now
turn difficult the study of these viral transcripts and their use for clinical
utility), the investigation of the impact of HPV-derived miRNAs on the
human genome might help us to understand viral pathogenic me-
chanisms. In contrast, HPV oncoproteins, especially E6 and E7, have
been extensively studied and are well described as important viral
molecules with a strong impact on the human genome, regulating the
expression of several genes, including cellular miRNAs and their targets
[32].

The miRNA processing proteins Dicer and Drosha are dysregulated
in many types of tumors. In CC, the expression of these proteins is
higher in HPV-positive cell lines, in comparison with HPV-negative
ones, suggesting an alteration of miRNA expression by E6 and E7,
possibly contributing to cervical carcinogenesis [33]. Drosha was found
upregulated in all HPV CC cell lines, while Dicer was only increased in
HPV-16-positive lineages. After transfection of the viral proteins E6 and
E7, a significant increase of both proteins was also observed in HPV-
negative CC cell lines. Moreover, many miRNAs processed by Drosha
were dysregulated in E6/E7-expressing cells, especially the miRNAs
involved in cell cycle, migration, development, growth and prolifera-
tion pathways [34].

HR-HPV oncoproteins E6 and E7 are closely related to cervical
transformation, through a great diversity of mechanisms [3]. Some of
them are widely known, such as E6 targeting the tumor suppressor p53
for proteosomal degradation (affecting many p53 transcriptional tar-
gets), and E7 inducing the retinoblastoma protein (RB) degradation,
releasing the transcriptional factor E2F. Other mechanisms have been
recently described, such as E7 indirectly interacting with the proto-
oncogene c-Myc through E2F activation, regulating many miRNAs
(some of them actually with binding sites in the mRNA of E2F), or E6
interacting directly with c-Myc [35,36]. HPV-E6 and E7 seem to interact
with ¢-Myc, inducing its binding to hTERT (human telomerase reverse
transcriptase) gene promoter, consequently promoting the reverse
transcription of the HPV genome [37,38]. Thus, E6 and E7 co-expres-
sion may lead to an enhancement of this process.

As a consequence of E6-mediated reduction of p53 in CC cells, the
following may be observed: downregulation of the tumor suppressor
miR-34a (in HPV-16-positive and HPV-18-positive cells), inducing cell
proliferation and altering important cell cycle regulators [39]; down-
regulation of miR-139-3p, leading to cell proliferation and migration
[40]; upregulation of the oncomiR miR-21 through repression of the
tumor suppressor PTEN, promoting cell proliferation and migration;
downregulation of miR-27a and of the tumor suppressor miR-218 [41];
downregulation of miR-23b by p53 suppression (or epigenetically due
to DNMT1 upregulation), leading to the proto-oncogene c-MET activa-
tion, which in turn may prevent apoptosis, and increase the urokinase-
type plasminogen activator (uPA), known as a metastasis promoter
[42,43].

In a p53-independent manner, E6 downregulates miR-218 in HPV-
16 cancer cells, as well as its tumor suppressor host gene SLIT2. The
reduction of miR-218 upregulates Laminin 5 33 (LAMB3), an over-
expressed protein in CC cells which was described as a direct target of
miR-218 [44,45]. Furthermore, miR-9, which is strongly regulated by
E6 (and less by E7), was the most associated miRNA with HPV infection
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status in a transcriptome analysis, and was also shown to induce cell
migration [46]. Moreover, E6 upregulates miR-20a and miR-20b
[47,48]. Increased miR-20a promotes cell proliferation through induc-
tion of AKT/p38 pathway, and down-regulates the mir-20a target
PDCD6, a protein known for its pro-apoptotic and growth-inhibitory
effects [48]. The overexpressed miR-20b negatively regulates the me-
tastasis suppressor TIMP-2, promoting epithelial-mesenchymal transi-
tion, migration and invasion of CC cells [47]. Furthermore, E6 and E7
strongly suppress miR-424 levels, while CHK1 (a miR-424 target in-
volved in damage repair) is increased in HPV-16 and HPV-31-positive
cells. When miR-424 is overexpressed, CHK1 levels decrease, suppres-
sing HPV genome amplification [49].

As for E6, E7 may modulate distinct miRNA expression rates. In
human foreskin keratinocytes (HFK), E7 decreases the expression of
miR-203, a miRNA involved in repression of proliferative capacity upon
epithelial cell differentiation. The E7-mediated inhibition of miR-203 is
followed by an overexpression of its primary target ANp63, an isoform
of p63 highly expressed in undifferentiated basal keratinocytes and
downregulated in normal non-proliferative cells. This process seems to
occur through modulation of the mitogen-activated protein kinase
(MAPK) signaling pathway, as a way to ensure cell proliferation and
viral replication. Otherwise, miR-203 seems to be able to modulate HPV
gene expression [50]. E7 also seems to upregulate the oncogenic miR-
21 [51] and miR-27b [52]. Among miR-27b targets are the tumor
suppressor PLK2 [52] and PPARY, a protein involved in the suppression
of CC progression, thus leading to cell proliferation and invasion [53].

Besides E6 and E7, E5 oncoprotein also seems to modulate the ex-
pression of host miRNAs, although its role in regulating HPV replication
and pathogenesis is poorly known. HPV-16 E5 induced transcriptional
changes in HaCaT-E5 cells as compared to control cells, deregulating
several miRNAs, such as miR-146a, miR-324-5p and miR-203, as well as
their target genes [54]. HPV-16 E5 was also demonstrated to down-
regulate the tumor suppressor miR-196a, which increases HOXBS, a
miR-196a target that is overexpressed in many cancers [55]. Thus,
extensive data support the roles of E6 and E7 (and, to a less extent, of
E5) interfering with the miRNA network.

Contrarily, miRNAs may also exert effects over E6 and E7, reg-
ulating HPV oncoproteins expression. One example is the effect of miR-
375 over E6/E7. After transfection in HR-HPV-positive cells, miR-375
suppressed E6 and E7 proteins, controlled the CIP2A-MYC pathway (by
inhibiting p21 repression) and decreased the hTERT through 14-3-3¢
regulation. MiR-375 also suppressed its direct target E6AP, a cellular
protein that interacts with E6 for p53 degradation. As a result, p53, p21
and RB protein levels increased, in contrast to decreased cell pro-
liferation [56]. Similar results were recently demonstrated by Wu et al.
(2018), with overexpressed miR-375 inducing p53 and p21 expression,
increasing caspase-3 and caspase-9 activities, and suppressing the ex-
pression of E6AP, IGF-1R, cyclin D1 and survivin proteins [57]. Other
examples of miRNAs modulating HPV proteins are miR-125b (which is
downregulated in cervical pre-cancerous lesions) suppressing HPV-16
DNA replication and synthesis [58], and miR-129-5p, an IFN-3 induced
miRNA, decreasing E6 and E7 expression [59]. Therefore, both miR-
125b and miR-129-5p exert anti-HPV effects.

Together, these data provide new insights into the regulatory me-
chanisms between HPV and the miRNA network in host cells, eviden-
cing the effects of HPV oncoproteins over the miRNA transcriptome, as
well as of miRNAs over HPV global expression profile. The balance (or
imbalance) among them is pivotal for HPV infection clearance or cer-
vical carcinogenesis.

5. Extracellular vesicles and general features

EVs comprise a heterogeneous and complex set of structures re-
leased from all types of cells, delimited by a lipid bilayer, and trans-
porting distinct molecules, such as nucleic acids, proteins, lipids and
sugars, from their original cells [60,61]. Cellular communication is the
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main function of these structures, in either an autocrine, paracrine or
endocrine manner [62]. EVs are classified according to their mean size
and mechanisms of origin, although there is still no consensus about the
subdivision of EV main types [61, 63-65]. Exosomes correspond to
vesicles with dimensions of 30-150 nm, while microvesicles (MV) and
apoptotic bodies (AB) present dimensions of 50-1.000nm and
50-5000 nm, respectively [61].

Exosomes are constantly secreted, usually from an endosomal origin
[66]. In this process, early endosomes (EE) are formed from the in-
vagination of part of the cell membrane. The population of EE that have
not fused to pre-processed vesicles (and assigned their charge to de-
gradation) turns into late endosomes, having part of their membrane
invaginated. Known as multivesicular bodies (MVB), the late endo-
somes undergo maturation and formation of intraluminal vesicles. In
this step, the participation of some protein complexes, such as the en-
dosomal sorting complexes required for transport (ESCRTSs) — consisting
of four sub-complexes with distinct functions - is essential for selective
vesicle loading of cellular molecules and for directing them to their
destination [67,68]. Finally, some MVBs may fuse with the plasma
membrane, releasing intraluminal vesicles into the extracellular space,
now defined as exosomes [69]. Unlike exosomes, MV originate directly
from the plasma membrane, through the formation of outward buds in
specific sites of the membrane followed by fission and subsequent re-
lease of the vesicle into the extracellular space, with the plasma
membrane suffering several molecular rearrangements at the sites of
MV origin [70]. In turn, AB result from cellular apoptosis, initiating
with the condensation of the nuclear chromatin, followed by membrane
blebbing and disintegration of the cellular content into distinct mem-
brane enclosed vesicles [71] (Fig. 2).

Different subtypes of EVs can be, to some extent, isolated from
biological fluids, through distinct techniques, such as ultracentrifuga-
tion, immunoprecipitation and others [72], and differentiated from
other protein aggregates. This is possible due to the presence of specific
proteins on their surface, such as CD9, CD63 (essential for the forma-
tion of exosomes), Alix (an important regulator of the endolysosomal
trafficking), TSG101 (one of the proteins that composes the ESCRT I
sub-complex), among others [69,73]. However, since there are no
available techniques to isolate highly pure populations of EVs, the In-
ternational Society for Extracellular Vesicles (ISEV) encourages the use
of the term “extracellular vesicle” as the generic term for particles
naturally released from the cell that are delimited by a lipid bilayer and
cannot replicate, i.e., do not contain a functional nucleus [74].

EVs are enriched with several non-coding RNAs, especially miRNAs.
Four possible mechanisms involving miRNA sorting within EVs have
been described. The first one was the nSMase2-dependent mechanism
[75]. The second one is based on the correspondence between miRNA
sequence motifs and modified heterogeneous ribonucleoproteins [76].
The third one highlights the importance of the modified 3’-end se-
quences of the transcripts for the encapsulation process [77], while the
most recently proposed mechanism recognizes the importance of RISC
complex proteins, such as Ago2, for the sorting of miRNAs into vesicles
[78]. Furthermore, recent evidence indicates that Alix, an accessory
protein of ESCRT, can be associated with Ago2 in order to favor the
packaging of certain miRNAs into EVs [79] (Fig. 2).

Regarding EVs' biological effects, a great variety of physiological
and pathological mechanisms has been demonstrated in the past few
years. Due to EV's interactions with target cells (and their potential use
as drug and gene delivery vehicles), these once discredited cell debris
have recently emerged as mediators of intercellular communication
(potentially delivering multiplexed information to surrounding tissues
and systemically through the body) and promoters of disease patho-
genesis. As cancer progression mediators, EVs may actively participate
in cellular processes, such as proliferation, immune regulation, stromal
remodeling, angiogenesis and metastasis [80-85].

EVs secreted by tumor cells are involved in evasion of the innate
immune system since they have the ability to release miRNAs that can
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bind to Toll-like receptors and block the onset of adaptive immune
responses [86]. Tumor-associated EVs may also act as im-
munosuppressive agents, mainly by modulating inflammatory reac-
tions, by inducing the expression of inhibitory cytokines such as In-
terleukin-10, in addition to reducing the potential of T cell activation
and natural Kkiller cells [87-89]. Moreover, tumor-associated exosomes
are involved in angiogenesis, and can be captured by endothelial cells,
contributing to increased expression of factors such as vascular growth
factor [87]. These tumor-associated EVs may be related to the estab-
lishment of metastatic niches in distant organs, since they have the
capacity to attract tumor cells into the pre-metastatic niches [90,91],
and can carry molecules that may contribute to genomic instability
and/or that may epigenetically alter the chromatin conformational
state in the acceptor cells [92]. Furthermore, other studies have also
demonstrated the importance of EVs in the dormancy state prior to
cancer recurrence [93].

On the other hand, EVs may help the immune system to fight
cancer. Previous studies have demonstrated the importance of non-
cancerous cell-released vesicles enriched in growth inhibitory miRNAs,
which in turn may contribute to tumor clearance, avoiding tumor
transformation [94]. Exosomes may present surface tumor antigens that
can bind to specific ligands of dendritic cell surface, in order to initiate
a complex and specific antitumor response [95].

For some gynecological cancers, tumor-secreted EVs also present
different roles. Furthermore, the miRNA content of these vesicles re-
flects in clinical parameters and disease outcomes. In CC, as carcino-
genesis is subsequent to infectious and inflammatory processes, EVs
may be crucial for viral transmission and spreading, also being an es-
sential part of tumor microenvironment establishment and disease
progression [96,97]. In addition, the load of vesicular miRNAs (as well
as of released cell-free miRNAs) seems to be profoundly influenced by
HPV and its oncogenic proteins, as seen in sections 3 and 8 [33,98].

6. Overview of cellular miRNAs involved in SIL and CC

As presented before, evidences have shown the potential role of
altered miRNA expression profiles in tumorigenesis. During the last
decade, the involvement of miRNAs in cancer development became
clearer, as well as their prognostic potential in several cancers, given
their distinct signatures in different tumor types [7,99]. Moreover,
distinct miRNA profiles seem to be found in different stages of pre-
cancerous lesions, presenting a diagnostic/prognostic value in the
process of cervical transformation. Although further investigations are
required in order to evaluate the application of miRNA profiles as
contributory diagnostic/prognostic markers for SIL stages and CC,
certainly a distinct and consistent signature is beginning to be set.

The pioneer work investigating cellular miRNAs and their associa-
tion with CC was developed by Lui et al. (2007). Using a direct se-
quencing method, they have characterized the profiles of miRNAs of six
human cervical carcinoma cell lines and five normal cervical samples.
Out of 166 miRNAs expressed in normal cervix and cancer cell lines, 6
were differentially expressed between the two groups. Additionally, a
reduced expression of miR-143 and an increased expression of miR-21
were reproducibly displayed in cancer samples, suggesting their po-
tential value as tumor biomarkers in cervical carcinogenesis [100].

Shortly thereafter, a significant upregulation of the miRNA pro-
cessor Drosha transcript (not observed for other genes of the miRNA
processing pathway, DGCR8, XPO5 and DICER), accompanied by a gain
of chromosome 5p in over 50% of advanced cervical squamous cell
carcinomas (SCC), was demonstrated. Importantly, Drosha over-
expression appeared to be of functional significance, by modifying
miRNA expression. Increased Drosha transcript levels in CC cells were
associated with an increased expression of sixteen miRNAs, including
miR-21, miR-29a, miR-31 and miR-203. SIL cases were also included in
this study, but no significant miRNA expression deregulation, neither
Drosha copy-number gain were observed in any SIL cases [101].
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Fig. 2. Schematic representation of the biogenesis, cargo and mode of action of EVs. As nanoparticles released by cells, EVs carry distinct molecules, such as miRNAs,
mRNAs, IncRNAs and proteins, thus, transporting molecular information to other cells. The EVs can be categorized by their origin and size as: AB, when originated by
apoptotic cells (biogenesis not shown here); MV, released by folds of the cell membrane towards the extracellular space (1); or exosomes, released through the
endosomal route, generally carrying specific endosomal molecules. The endosomal route is represented in the left cell according to the following steps: the process
starts with cell membrane invagination and formation of the EE (2); EE can directly fuse with pre-processed vesicles and assign its charge to degradation (3) or it can
turn into a late endosome (now called MVB) (4). In the MVB maturation process, its membrane folds inwards in order to form intraluminal bodies, and certain protein
complexes (like ESCRT) select RNAs and proteins to be exported; finally, the MVB merges with the plasma membrane, releasing intraluminal vesicles (now called
exosomes) into the extracellular space (5), where those exosomes can be incorporated by the same or other (neighboring or distant) cells, through circulation (6). AB,
Apoptotic Bodies; EV, Extracellular Vesicles; MV, Microvesicles; MVB, Multivesicular Body; EE, Early Endosome; ESCRT, Endosomal sorting complexes required for
transport. (Image source: Mind the Graph platform; https://mindthegraph.com).

Better as a 2-column fitting image.

Further on, an aberrant expression of distinct oncogenic and tumor-
suppressive miRNAs in CC, which are important for cancer cell growth,
was demonstrated. Investigating the expression profiles of miRNAs in
HPV-16-positive CC cells, 174 deregulated miRNAs were found, in-
cluding miR-21, miR-24, miR-27a, miR-205, and miR-193c.
Significantly deregulated miRNAs were also observed in CC tissues,
such as miR-143, and miR-145 (which were downregulated and showed
to be tumor-suppressive), and miR-15b, miR-16, and miR-146a (which
were upregulated, with the latter being involved in cell proliferation
promotion). Therefore, they have paved the way to the idea that
oncomiRs and tumor suppressor miRNAs may play an important role in
cervical carcinogenesis [102].

Later, the miRNA expression profiles of a heterogeneous set of
cervical tissues, including LSIL, HSIL and CC samples were evaluated.
MiR-26a, miR-29a, miR-99a, miR-143, miR-145, miR-199a, miR-203,
and miR-513 were found significantly downregulated in pre-neoplasic
and malignant tissues in comparison with normal samples, while miR-
148a, miR-302b, miR-10a, miR-196a and miR-132 were upregulated.
Additionally, some miRNAs were upregulated in pre-neoplasic samples
compared to normal cervix (e.g. miR-106a, miR-197, miR-16, miR-27a
and miR-142-5p), but presented a relatively lower expression in CC,
suggesting that they may play an important role in cervical cell

abnormal transformation by HPV infection, being apparently not di-
rectly involved in the progression to a malignant state [103].

An altered miRNA expression in SIL and CC tissues, associated with
chromosomal changes, was also observed. Significant differential ex-
pression during the consecutive stages of CC development was observed
for 106 miRNAs, and an altered expression of five significantly differ-
entially expressed miRNAs (miR-9, miR-15b, miR-28-5p, miR100 and
miR-125b) was directly linked to frequent chromosomal alterations
[104]. In addition, a transcriptome analysis of miRNAs and mRNAs for
24 cervical samples in different stages along SIL progression was per-
formed, proposing an algorithm to detect miRNA-mRNA pairs with
significant regulation change, constructing differential miRNA reg-
ulatory networks. Interestingly, the study provided clues for under-
standing SIL progression, presenting distinct differential miRNA reg-
ulatory networks from normal stage to LSIL, from LSIL to HSIL, and
from HSIL to CC [105]. Likewise, several other relevant studies in-
vestigating deregulated miRNAs in SIL and CC samples were published,
many confirming the involvement of previously described miRNAs.
Most of these works were included in previously published reviews
[9,106,107].

Taking into account all these reviews and a few other studies pre-
viously or subsequently published, consistent data on some deregulated
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miRNAs in CC have arisen, as for miR-10a, miR-20a, miR-20b, miR-21,
miR-31, miR-106a, miR-106b, miR-146a, miR-155, miR-196a, miR-
200a, and miR-200b, which are overexpressed in CC tissues, and for
miR-10b, miR-99a, miR-100, miR-125b, miR-143, miR-145, miR-195,
miR-218, miR-376a, and miR-376b, which are downregulated in CC in
comparison to normal cervix. As for SIL, although only few reports are
available, some miRNAs have been described in more than one study
with the same status of expression. MiR-10a, miR-21, miR-146a, and
miR-196a were overexpressed in LSIL and HSIL tissues, while miR-99a,
miR-143, miR-145, and miR-218 are downregulated in SIL samples. As
mentioned before, these miRNAs have a similar pattern of expression as
observed for CC, suggesting their early role in cervical carcinogenesis.
Others, such as miR-27a, seem to be upregulated only in the pre-neo-
plasic tissue (compared to normal cervix), with reduced expression in
CC stages (almost similar to normal cervix), thus, being mostly involved
in cellular transformation [103]. In addition, other miRNAs like miR-
155 are upregulated in HSIL and CC, but not in LSIL, suggesting their
involvement during the latter stages of cervical carcinogenesis [108].

Otherwise, for some miRNAs, different studies have presented
conflicting results in CC, as for miR-29a, miR-29¢c, miR-34a, miR-199a,
miR-199b, miR-203, miR-378 and let-7c. For example, for miR-199a
and miR-203, distinct patterns of expression were found. While the
expression of miR-199a was found to be decreased in CC lines
[102-104,109], it was overexpressed in other studies [110,111]. For
miR-203, Muralidhar et al. (2007) and Witten et al. (2010) have de-
monstrated an overexpression of this miRNA in CC samples [101,112],
while  others showed a decrease in its  expression
[103,104,110,111,113-116]. For SIL, such contradictions are way less
remarkable (due to the lack of studies), but the same contradictory
pattern is observed, for example, for miR-378. While Wang et al. (2014)
found miR-378 upregulated in LSIL, HSIL and CC [117], Wilting et al.
(2013) demonstrated its downregulation in HSIL and CC [104].
Anyhow, these opposing findings may be due to several factors, such as
differences in high-throughput platforms and methods used across la-
boratories, as well as the subtype of CC, the type of HPV involved, or if
a single or a multiple infection is present [116,118].

Taken together, it is a fact that SIL and CC tissues have an altered
miRNA expression pattern relatively to adjacent normal tissues. For SIL
stages, such signature is still beginning to be revealed, especially be-
cause only a few studies included precancerous cervical specimens. For
CC, however, the accumulating data concerning altered miRNA ex-
pression profiles are helping to form a solid miRNA signature. Despite
these advances, it is important to highlight that such reliable and spe-
cific signatures are still under construction.

7. Cell-free miRNAs involved in SIL and CC

MiRNAs are found within cellular compartments, but also extra-
cellularly, as circulating miRNAs. Initially, the idea of free miRNAs in
distinct body fluids, as well as any RNA class, was unlikely accepted,
especially considering the fact that such fluids are rich in ribonucleases.
However, three pioneering studies have demonstrated the remarkable
stability of endogenous extracellular miRNAs along with significant
differences among cancer and control patients [119-121]. Despite these
evidences, the precise mechanisms underlying circulating miRNA sta-
bilization could not be defined at that point. To date, it is known that
the stability of circulating miRNAs relies mostly on their carriers. For
cell-free miRNAs, association with Ago protein, a part of the RISC, is
essential for protecting the miRNA [122].

Accumulating data have shown that cell-free miRNAs are present in
several body fluids, occurring both in physiological, as well as in pa-
thological states [122]. Blood cells, such as leukocytes, erythrocytes
and platelets, have been shown to secret several cell-free miRNAs.
Platelets, in particular, seem to be an abundant source of cell-free
miRNAs (i.e., miR-24, miR-191, miR-197, and miR-223). Besides that,
in pathological conditions like cancer, tumor cells and other tissue- and
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organ-specific cells may represent relevant sources of released miRNAs
(i.e., tissue-specific miRNAs associated with a particular disease).
Therefore, a global miRNA profile expression in blood, for example,
may represent a heterogeneous population of cell-free miRNAs from
different origins, being a combination of blood, tumor and other organ/
tissue-specific cells [123,124]. Likewise, this applies to CC and cervical
pre-cancerous lesions, where cellular transformation had begun to
occur [125]. Thus, defining a cell-free miRNA panel involved in SIL and
CC has become an important issue, especially due to its minimally in-
vasive nature.

During the last decade, researchers started to investigate cell-free
miRNAs in the context of different stages of cervical carcinogenesis,
initially focusing on CC stages. First, based on the fact that miR-218 was
proved to be a tumor suppressor miRNA in several cancers, its status in
CC samples was investigated. MiR-218 was detected in the serum of CC
patients and normal age matched women, being significantly reduced
in the serum of patients. Such reduction was significantly associated
with clinicopathological characteristics, and lymph node metastasis
(LNM) was associated with lower levels of miR-218, demonstrating its
potential as a circulating prognostic marker for CC (and as a tumor
suppressor miRNA), regulating tumor invasion and metastasis [126].

The potential of circulating miRNAs to predict LNM in patients with
early-stage SCC was investigated by other groups [115,127,128] and,
despite their focus on predicting LNM, they also brought information
about potentially circulating miRNAs present in CC patients. Assuming
that some miRNAs found in tissue may be used as fingerprints to predict
potentially non-invasive biomarkers, promising candidates such as miR-
1246, miR-20a, miR-2392, miR-3147, miR-3162-5p and miR-4484 ap-
peared to be not susceptible to fluctuation in serum and tissue, pre-
senting predictive values that were by far superior to that of SCC an-
tigen (SCC-Ag), a current SCC marker [115]. MiR-20a and miR-203 also
presented increased levels in CC patients compared to healthy donors,
with miR-20a standing as a promising circulating biomarker for
screening LNM [127]. MiR-205 was also significantly upregulated in CC
patients, being correlated with poor tumor differentiation, LNM and
increased tumor stage [128].

In addition, in order to predict CC at early stages, the expression
profile of miRNAs in serum samples collected from CC patients and age-
and ancestry-matched controls was investigated. After screening and
validation phases, a panel composed by five miRNAs (miR-21, miR-25,
miR-29a, miR-200a and miR-486-5p) was identified as a potential sig-
nature for CC detection at early stages. MiR-29a and miR-200a were
shown to be upregulated in poorly differentiated cases compared with
patients with well or moderately differentiated tumors, indicating
tumor histological grade and progression stage [129].

Subsequently, knowing that miR-196a is upregulated in CC tissues
and cervical cell lines, and given its ability to promote tumorigenesis in
multiple types of cancers, the serum levels of miR-196a transcripts were
evaluated in healthy volunteers and SIL patients. This was the first
study involving SIL patients and revealed that miR-196a serum levels
were higher in patients with CC and SIL compared to controls. In ad-
dition, miR-196a serum overexpression was associated with SIL grade
and cervical transformation [130]. Likewise, aiming to establish cell-
free miRNA serum signatures for diagnosing SIL and CC, other groups
conducted multiple-phase studies (including initial, training and vali-
dation phases), revealing some promising candidates for early detection
of cervical lesions, such as miR-2861 [131] and miR-1290 [132].

Aiming to establish a miRNA serum signature for early detection of
SIL, the expression levels of certain miRNAs (miR-9, miR-10a, miR-20a
and miR-196a) were measured in the serum samples of patients with
SIL and healthy controls. The association between HPV infection sta-
tusand miRNA levels was also evaluated. Results showed that the levels
of all four miRNAs were significantly upregulated in the serum of SIL
patients compared with healthy controls, constituting a useful panel of
novel non-invasive biomarkers. High accuracy in discriminating SIL
patients from healthy controls was observed, which might have great
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clinical value for screening SIL [133].

Further on, knowing that miR-425-5p had been recently reported to
be upregulated and to promote tumorigenesis in various cancer types,
its prognostic significance in CC was evaluated. Including pairs of CC
tissues and matched normal tissues, as well as serum samples from CC
patients, benign cervical disease (cervical tissue with hyperplasia,
showing some precancerous features) patients and healthy controls,
miR-425-5p levels were assessed. Results demonstrated a significantly
higher concentration of miR-425-5p in tumor tissues. Likewise, its
serum levels were significantly higher in the CC group. Additionally,
this expression was correlated with poor survival/poor diagnosis and
was demonstrated as an independent prognostic biomarker for CC
[134].

In addition, miR-486-5pstatus in serum samples and tissues (cancer
tissues and adjacent normal tissues) obtained from CC patients and
healthy donors was evaluated. MiR-486-5p was significantly over-
expressed in CC patients' serum and tissues in comparison to control
subjects (also a significant correlation between miR-486-5p expression
in serum and in tissues was found), being qualified as a satisfactory
diagnostic biomarker for CC. Moreover, using human CC cell lines
(HeLa and SiHa), miR-486-5p was investigated as a potential regulator
of CC development through the PI3K/Akt pathway by targeting PTEN
(based on in silico studies). Basically, miR-486-5p stimulated cell pro-
liferation, migration, and invasion through PTEN expression inhibition,
as well as activation of the oncogenic PI3K/Akt pathway in CC, pointing
to miR-486-5p as a novel diagnostic biomarker, as well as a plausible
treatment target [135].

More recently, assuming that cervical mucus is an ideal material for
profiling cervical neoplasia, the expression profiles of miRNAs in CC
(and in precursor lesions) was analyzed in cervical mucus samples.
Cervical mucus was collected from patients with normal cervix and CC
cases (and with SIL). MiRNA array was performed and, among 2588
candidate miRNAs initially tested, four miRNAs (miR-126-3p, miR-20b-
5p, miR-451a, and miR-144-3p) exhibited high fold changes in ex-
pression, being significantly upregulated in CC samples compared with
normal cases. In particular, the fold change of miR-451a and miR-144-
3p was significantly increased in CC cases (their expression levels also
correlated with disease severity), suggesting that these miRNAs could
be effective biomarkers for identifying CC (as well as high-grade pre-
cursor lesions) [136].

Likewise, other groups investigated deregulated cell-free miRNAs in
SIL and/or CC. Table 1 and Table A.1 bring data about cell-free miRNAs
involved in SIL and/or CC. In Table 1, we present only miRNAs that
were shown deregulated by at least two articles in SIL and/or CC
(miRNAs that were shown deregulated by only one paper are listed in
Table A.1).

Differently from cellular miRNAs, the knowledge on cell-free
miRNAs involved in cervical carcinogenesis is very limited, especially
for SIL stages. If for cellular miRNAs this is a relevant issue, for cell-free
miRNAs it is even more critical. However, although few, all these stu-
dies are helping to build a cell-free miRNA signature in SIL and CC, and
may help the understanding of the role of miRNAs in cervical carci-
nogenesis from a global perspective.

8. EV-derived miRNAs involved in SIL and CC

In the past few years, EVs have emerged as new players in inter-
cellular communication, acting as shuttles between cells. Recent ad-
vances highlight EVs' involvement in several pathophysiological pro-
cesses as in cancer biology, and a growing body of evidence indicates
that EVs can tightly modulate tumor progression [142]. They take part
in cell-to-cell communication between cancer cells and neighboring
cells, including fibroblasts and endothelial and immune cells. Since EVs
are present in essentially all body fluids, containing bioactive molecules
(such as mRNAs, miRNAs, DNA and proteins), they may reflect the
pathological state of the cells of origin, standing as an enriched source
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of biomarkers. Moreover, the findings that these nanovesicles play
critical roles in almost all aspects of cancer provide opportunities for
their development as ideal diagnostic biomarkers, as well as therapeutic
targets. Some studies revealed that the level of exosomes, for example,
is elevated in the plasma of some patients with cancer as compared to
healthy controls. Moreover, distinct sets of exosomal miRNAs seem to
be present in different types of human cancers, also being positively
correlated with cancer stage [143].

Tumor-derived EVs are garnering increasing attention because of
their ability to act as small messengers that interact with target cells,
directly via cell surface molecules, or after endocytosis and inter-
nalization of bioactive molecules. EVs may exert direct effects through
horizontal (lateral) transfer of bioactive molecules into recipient cells,
or indirect effects by remodeling the cancer microenvironment.
Interestingly, the transfer of EV's content from a given cell to a recipient
cell appears to readily affect and reprogram the phenotype of these cells
[144].

In recent years, an exponential number of studies involving EV-
derived miRNAs has emerged. For cancer screening and diagnosis, EV-
derived miRNAs from liquid biopsy may be advantageously used in-
stead of cellular miRNAs, for example, especially considering their
potential as minimally invasive and early detection biomarkers in dif-
ferent cancer types, as well as their promising ability to give an over-
view of the heterogeneity of both the tumor and the microenvironment.

Differently from cellular or cell-free miRNAs, the research involving
EV-derived miRNAs has recently started. Indeed, to the best of our
knowledge, until the beginning of this year, only one research group
has investigated the levels of miRNAs in CC-derived exosomes. Liu et al.
(2014) determined the association of two miRNAs (previously demon-
strated to be involved in cervical oncogenesis) with CC-derived exo-
somes. Exosomes were isolated from the cervicovaginal lavages speci-
mens from patients with CC, HPV-positive subjects and HPV-negative
subjects. The abundance of exosomes and exosomal miRNA levels were
addressed. The levels of exosomal miR-21 and miR-146a were sig-
nificantly higher in the cervicovaginal lavage specimens of CC subjects
in comparison with HPV-positive and HPV-negative subjects. In addi-
tion, differential exosomal miR-21 levels were also found between HPV-
positive and HPV-negative groups, thus, suggesting a significant con-
tribution of HPV infection for the up-regulation of miR-21 in cervical
tissue. Moreover, an increase in the abundance of exosomes was also
observed in the cervicovaginal lavage specimens of women with CC
[145], as shown in Table 2.

Besides that, a few in vitro studies, mostly investigating EV-derived
miRNA profile changes in cancer cell lineages expressing (or not) E6
and E7 oncoproteins have been published (Table 2). The first one did
not involve miRNAs, but was a pioneer study. The effects of silencing
the viral E6/E7 genes on survivin (which served as a proper protein
model) and over the amounts of exosomes released from HeLa cells
(containing HPV-18) were evaluated. By investigating an exosomal-
enriched fraction, they observed that silencing endogenous E6/E7 ex-
pression strongly reduced both cellular and microvesicular concentra-
tions of survivin, suggesting an intracellular HPV-induced change in
exosomes secreted from HPV-positive cancer cells. Moreover, an in-
crease in the overall amounts of exosomes released from HPV-positive
cancer cells was observed, which was linked to an induction of cellular
senescence and stimulation of p53 target genes. Therefore, HPV E6/E7
expression seems to influence both the amounts and the contents of
exosomes secreted from Hela cells [146].

Later, by deep sequencing analyses, the same group investigated if
E6/E7 expression would influence the cellular miRNA network. After
silencing endogenous E6/E7 expression in HeLa cells, a deregulation in
ten of the 52 most abundant intracellular miRNAs was observed (with a
downregulating of miR-17-5p, miR-186-5p, miR-378a-3p, miR-378f,
miR-629-5p and miR-7-5p, and an upregulating of miR-143-3p, miR-
23a-3p, miR-23b-3p and miR-27b-3p), along with a similar pattern for
SiHa cells (containing HPV-16). Additionally, they identified an E6/E7-
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Table 1

Cell-free miRNAs involved in different stages of cervical carcinogenesis (SIL/CC).

BBA - Reviews on Cancer 1872 (2019) 188306

miRNA

LSIL

HSIL

CcC

Status/sample/population (Reference)

Status/sample/population (Reference)

Status/sample/population (Reference)

hsa-let-7a-5p (hsa-let-7a)

miR-9-5p (hsa-miR-9)
hsa-mir-10a-5p (hsa-miR-10a)
hsa-mir-17-5p (hsa-miR-17)
hsa-mir-20a-5p (hsa-miR-20; —20a)

hsa-mir-21-5p (hsa-miR-21)

hsa-mir-29a-3p (hsa-miR-29a)
hsa-mir-92a-3p (hsa-miR-92; —92a)
hsa-mir-101-3p (hsa-miR-101)
hsa-mir-103a-3p (hsa-miR-103; —103a)
hsa-mir-106a-5p (hsa-miR-106a)
hsa-mir-122-5p (hsa-miR-122a; —122)
hsa-mir-132-3p (hsa-miR-132)
hsa-mir-139-3p (hsa-miR-139-3p)
hsa-mir-141-3p (hsa-miR-141)
hsa-mir-144-3p (hsa-miR-144)
hsa-mir-155-5p (hsa-miR-155)
hsa-mir-191-5p (hsa-miR-191)
hsa-mir-195-5p (hsa-miR-195)
hsa-mir-196a-5p (hsa-miR-196a)
hsa-mir-200c-3p (hsa-miR-200c-3p)
hsa-mir-203a-3p (hsa-miR-203a; —203)

hsa-mir-205-5p (hsa-miR-205)

hsa-mir-212-3p (hsa-miR-212)
hsa-mir-214-3p (hsa-miR-214)
hsa-mir-218-5p (hsa-miR-218)
hsa-mir-370

hsa-mir-425-5p (hsa-miR-425)
hsa-mir-451a (hsa-mir-451)

hsa-mir-486-5p (hsa-miR-486)

hsa-mir-1246

Up/Serum/C [133]*
Up/Serum/C [133]*
Up/Mucus/J [136]*

Up/Serum/C [133]*
Up/Mucus/J [136]°

Up/Serum/C [138]*

Up/Mucus/J [136]*

Up/Mucus/J [136]%

Up/Mucus/J [136]°

Up/Serum/C [130]*
Up/Serum/C [133]*

Up/Mucus/J [136]*

Up/Mucus/J [136]%
Up/Serum/C [133]*
Up/Serum/C [133]?
Up/Mucus/J [136]%

Up/Serum/C [133]*
Up/Mucus/J [136]?

Up/Serum/C [138]*

Up/Mucus/J [136]?

Up/Mucus/J [136]%

Up/Mucus/J [136]°

Up/Serum/C [130]*
Up/Serum/C [133]?

Up/Mucus/J [136]*

Down/Serum/C [115]*
Up/Mucus/J [136]%
Up/Serum/C [131]*
Up/Serum/C [137]°
Up/Mucus/J [136]%
Down/Serum/C [131]*
Up/Mucus/J [136]°
Up/Serum/C [115]°
Up/Serum/C [127]*
Up/Mucus/J [136]°
Up/Serum/C [137]*
Up/Serum/C [129]1°
Up/Serum/C [129]°
Up/Serum/C [131]*
Up/Serum/C [138]*
Up/Serum/C [137]*
Up/Serum/C [139]*
Up/Serum/C [129]*
Down/Serum/C [137]*
Down/Serum/C [131]*
Down/Serum/C [131]*
Up/Mucus/J [136]°
Up/Serum/C [131]*
Up/Serum/C [137]*
Up/Serum/C [131]*
Up/Serum/C [137]*
Down/Serum/C [131]?
Down/Serum/C [137]*
Up/Serum/C [137]*
Up/Mucus/J [136]°
Down/Serum/C [131]*
Up/Mucus/J [136]°
Up/Serum/C [131]*
Up/Mucus/J [136]°
Up/Serum/C [129]*
Down/Serum/C [131]*
Down/Serum/C [131]¢
Down/Serum/C [137]*
Up/Serum/C [130]*
Up/Serum/C [131]*
Up/Serum/C [137]*
Up/Serum/C [127]*
Up/Serum/C [131]*
Up/Mucus/J [136]°
Up/Serum/C [137]%
Up/Plasma/C [140]?
Up/Serum/C [128]*
Up/Serum/C [137]*
Down/Serum/C [131]*
Up/Serum/C [131]*
Up/Serum/C [137]*
Down/Serum/C [126]%
Down/Serum/C [141]*
Up/Serum/C [131]*
Up/Serum/C [137]*
Down/Serum/C [131]*
Up/Serum/C [134]*
Up/Mucus/J [136]°
Down/Serum/C [115]?
Up/Serum/C [135]*
Up/Serum/C [129]°
Up/Serum/C [137]*
Up/Serum/C [115]°
Up/Serum/J [132]¢

LSIL, low-grade squamous intraepithelial lesion; HSIL, high-grade squamous intraepithelial lesion; CC, cervical cancer; Up, upregulated; Down, downregulated; C, Chinese;
J, Japanese. “Results obtained directly by microarray, or next-generation sequencing, or RT-qPCR; "Results obtained by microarray, or next-generation sequencing, or RT-
qPCR and validated by RT-qPCR; “Results obtained by microarray, or next-generation sequencing, or RT-qPCR and validated by at least two sets of RT-qPCR.

MiRNA nomenclature was based on miRBase 22.1 IDs. Note that almost all herein referred miRNAs present the -3p or -5p identification, while the authors do not
reference the strand of origin in the article. Such nomenclature was based on miRBase 22.1 IDs; for example, miR-122 was simply referred to as miR-122 in the
respective article, while in miRBase miR-122 and miR-122a are previous IDs for hsa-miR-122-5p. For some miRNAs, such as miR-370, miR-451a, and miR-1246,
there is still no standardization concerning the strand of origin. All the above-mentioned miRNAs are hsa-miRNAs (Homo sapiens miRNAs).
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dependent seven-miRNA signature in exosomes secreted from HelLa
cells (with a downregulation of let-7d-5p, miR-20a-5p, miR-378a-3p,
miR-423-3p, miR-7-5p and miR-92a-3p, and an upregulation of miR-21-
5p), which seems to be linked to the control of cell proliferation, se-
nescence and apoptosis [98].

Additionally, the role of HPV oncoproteins in keratinocytes trans-
duced with E6/E7 from mucosal HPV-16 or cutaneous HPV-38 (K16
and K38) was investigated. In order to study miRNA involvement in
HPV-associated tumorigenesis and analyze the differences between
keratinocytes transformed by mucosal HPV-16 and by cutaneous HPV-
38, a miRNA array analysis of 384 human miRNAs was performed, and
a culture of HFK was used as a control. Several miRNAs were found to
be deregulated in K16 and K38 cells. Besides that, HPV-16 and/or HPV-
38 E6 and E7 single proteins seem to be able to modify the expression of
a few miRNAs involved in the tumorigenesis, in particular of miR-18a,
miR-19a, miR-34a, and miR-590-5p. Interestingly, E6 and E7 mRNAs
were found in exosomes isolated from HPV-positive cells, supporting a
transfer of HPV oncoproteins by exosomes [147].

More recently, it was also demonstrated that the expression of HPV
oncoproteins seems to alter the expression of different secreted
miRNAs. Basically, the researchers investigated how HPV-16 E6/E7
oncogene expression in primary human epithelial cells alters miRNA
expression in cells and derived EVs. The expression of a panel of 68
cancer-related miRNAs was evaluated in cells, in exosome-enriched EVs
released by HPV-16 E6/E7-expressing HFKs, and in matched-control,
vector-transduced HFK. Most of the analyzed miRNAs presented a si-
milar pattern of expression both in cells and in exosome-enriched EVs,
and were regulated by E6/E7. Some, however, were differently found
among them, suggesting a selective packaging in exosome-enriched EVs
secreted by HPV-16 E6/E7-expressing cells. Indeed, seven miRNAs
showed a different abundance in exosome-enriched EVs. Among these
selectively packaged miRNAs, five were found to be involved in apop-
tosis and necrosis inhibition (miR-16-5p, miR-200b-3p, miR-222-3p,
miR-320a, and miR-378a-3p) [148].

Table 2
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Together, these data demonstrate that HPV E6/E7 oncogenes ex-
pression can profoundly affect the expression of many miRNAs both
intracellularly (as in section 4), as well as packaged in EVs. In addition,
the expression patterns of cellular and EV-derived miRNAs seem to
vary, suggesting a distinct and important function for released miRNAs.
Such alterations of EV-derived miRNA levels may be involved in cancer
development and maintenance, highlighting the importance of under-
standing the crosstalk between HPV and the miRNA network [149].
Moreover, besides understanding such crosstalk, further research in-
vestigating EV-derived miRNAs in SIL and CC are of immediate need.

9. Perspectives: potential biomarkers in cervical carcinogenesis

In spite of their “tiny” size, miRNAs are now undoubtedly known as
important players in cancer establishment, development and progres-
sion. Their importance in cervical microenvironment, either following
HPV's infection, or in SIL development and/or progression to CC, is
undeniable. Accumulating evidences demonstrating miRNA's involve-
ment in SIL and/or CC consolidate such fact.

As discussed before, HPV itself originates some viral miRNAs, as
well as exerts effects on the host's miRNA network, deregulating human
miRNAs in a direct or indirect E6/E7-dependent way. Thus, after HPV
infection, an active interaction between the virus and the human
genome is expected. Indeed, some human miRNAs seem to be strongly
associated with HPV infection, such as cellular miR-9 [46], cellular
miR-21 [41,51,148] and EV-derived miR-21 [145,148], cellular miR-
34a [39,147,148] and EV-derived miR-34a [148], cellular miR-146a
[54] and EV-derived miR-146a [145]. Despite these evidences, in-
formation on these and other miRNAs is very limited, hindering the
definition of a panel of miRNAs able to characterize HPV infection per
se.

Part of the explanation is based on the fact that such expression does
not seem to be an isolated event, following viral infection. Therefore, it
may be separated from events that come subsequently, as dysplastic

Summary of studies investigating EV-derived miRNAs involved in cervical carcinogenesis or HPV-induced tumorigenesis (in vivo or in vitro).

Ref. Tissue/cell line  Basic strategy Main findings
[145] Cervical vaginal Investigation of exosome-derived miRNA levels (miR-21 and miR-146a) in =~ MiR-21 (miR-21-5p) and miR-146a (miR-146a-5p) were upregulated in
lavage patients with CC, HPV-positive and HPV-negative subjects (RT-qPCR) CC in comparison with the other groups, and in HPV-positive group in
comparison with HPV-negative group.
[146] Hela Investigation of the influence of silenced E6/E7 genes on released exosome  Silencing E6/E7 resulted in a decrease in cellular/microvesicular
concentration and cellular/microvesicular content (Immunoblotting) concentration of survivin and increase in exosome-enriched fraction
amounts (as a result of cellular senescence/p53 target genes activation).
[98] HelLa/SiHa Investigation of the influence of silenced E6/E7 genes on miRNA network  MiR-17-5p, miR-186-5p, miR-378a-3p, miR-378f, miR-629-5p and miR-
(Deep Sequencing) 7-5p were downregulated in E6/E7-silenced HeLa cells.
MiR-143-3p, miR-23a-3p, miR-23b-3p, and miR-27b-3p were
upregulated in E6/E7-silenced HeLa cells.
Similar patterns were observed for SiHa cells.
[147] HFK Investigation of the effects of HPV oncoproteins on the miRNA network of ~ MiR-10a (miR-10a-5p), miR-18a (miR-18a-5p), miR-19a (miR-19a-3p),
keratinocytes transduced with E6/E7 from mucosal HPV-16 or cutaneous miR-19b (miR-19b-3p), miR-21 (miR-21-5p), miR-29b (miR-29b-3p),
HPV-38 (K16 and K38) (TagMan microRNA array) miR-30b (miR-30b-5p), miR-98 (miR-98-5p), miR-99a (miR-99a-5p),
miR-182 (miR-182-5p), miR-194 (miR-194-5p), and miR-590-5p were
upregulated in both cell lineages transduced with E6/E7 in comparison
with non-transduced HFK.
MiR-34a (miR-34a-5p) was upregulated in K38 cells, and downregulated
in K16 cells, in comparison with non-transduced HFK.
MiR-222 (miR-222-3p) was upregulated in K16 cells, while miR-375 was
downregulated in K38 cells, in comparison with non-transduced HFK.
[148] HFK Investigation of the effects of HPV oncoproteins on miRNA levels in EVs of ~ MiR-16-5p, miR-200b-3p, miR-205-5p, miR-222-3p, miR-320a, miR-

keratinocytes transduced with HPV-16 E6/E7 (FirePlex® miR Oncology
Assay)

378a-3p were differentially expressed in cellular/EV compartments.
MiR-19a-3p, miR-21-5p, miR-25-3p, miR-34a-5p, miR-93-5p, miR-106b-
5p, miR-107, miR-148b-3p, miR-155-5p, miR-182-5p, miR-195-5p, miR-
218-5p, miR-335-5p, miR-375, miR-376¢-3p, miR-625-3p, and miR-652
were similarly expressed in cellular/EV compartments.

Ref., Reference; RT-qPCR, Reverse transcription-polymerase chain reaction; HFK, Human foreskin keratinocytes. MiRNA nomenclature was based on miRBase 22.1
IDs. Note that almost all herein referred miRNAs present the -3p or -5p identification, while the authors do not reference the strand of origin in the article. Such
nomenclature was based on miRBase 22.1 IDs; for example, miR-21-5p was simply referred to as miR-21 in the respective article. For some miRNAs, such as miR-375
there is still no standardization concerning the strand of origin. All the above-mentioned miRNAs are hsa-miRNAs (Homo sapiens miRNAs).
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changes in the cervical epithelium, which may also interfere with the
cellular and circulating miRNA profiles. Actually, an overlap seems to
occur throughout the process of cancer induction. That is one of the
reasons why some of these miRNAs, among many others, are described
at cellular and extracellular levels, but associated with SIL or CC de-
grees, and not with HPV infection as an isolated event. In order to
define reliable HPV infection-related miRNAs as biomarkers, more ex-
periments involving patients with HR-HPV-positive statusand free from
cervical disease (SIL or CC), as well as their matched controls, are re-
quired.

On the other hand, defining promising miRNAs (or specific miRNA
signatures) to characterize SIL and CC stages seems more tangible at the
present moment (especially concerning cellular miRNAs), despite all
the remaining difficulties involved. First, defining a reliable biomarker
involves knowing its basic nature — a cellular, biochemical, or mole-
cular (proteomic, genetic, and epigenetic) alteration that is indicative of
normal biological or pathogenic processes, or pharmacological re-
sponses to a therapeutic intervention, and that are measurable in bio-
logical material such as human tissues or fluids. In practice, they are
biological ‘events’ that can aid in understanding prediction, cause, di-
agnosis, progression, regression, or treatment outcome of a certain
disease [150]. In cancer research and detection (and we can extend this
to pre-cancerous stages), a biomarker refers to a substance or process
that is indicative of the presence of cancer (lesion) in the body. It might
be either a molecule secreted by malignancy (or as a consequence of
dysplastic changes) itself or a specific response of the body to the
presence of cancer (lesion) [151]. Second, it is important to understand
that characteristics such as reliability, validity, sensitivity, and speci-
ficity need to be intrinsically associated to these biomarkers.

To date, we have hundreds of articles reporting information about
deregulated expression of cellular miRNAs in SIL and/or CC, and only a
few regarding either cell-free or EV-derived circulating miRNAs.
Contrarily, although a wide-range of miRNAs has been described, most
of these results are not reproducible, frequently lacking solid reliability,
validity, sensitivity, and specificity. This, together with the use of dif-
ferent techniques and analysis methods, as well as different populations
and samples employed, are impairing the settlement of some miRNAs as
trustworthy biomarkers for SIL and/or CC.

However, looking carefully at published evidences, it is possible to
recognize some patterns. For cellular miRNAs (see section 6), some
candidate miRNAs have already been identified, such as miR-10a, miR-
21, miR-146a, and miR-196a - upregulated in SIL and CC cases — and
miR-99a, miR-143, miR-145, and miR-218 - downregulated in SIL and
CC cases - thus serving as cervical disease biomarkers. Other miRNAs,
such as miR-27a, may serve as early stage miRNA biomarkers, being
upregulated only in SIL stages (and not in CC) [103], while others may
serve as late stage miRNA biomarkers, among which stand out miR-155
(upregulated in HSIL and CC stages) [104,116], and miR-195 (down-
regulated in HSIL and CC) [104,118]. Actually, there is still a wide
range of cellular miRNAs needing further investigation in order to have
clarified their status in cervical carcinogenesis.

For circulating miRNAs, it is also possible to identify some pro-
mising miRNAs (or specific miRNA signatures), although fewer studies
are available so far. Here, we only discuss and present as promising
circulating biomarkers those miRNAs that were shown deregulated by
at least two studies in SIL and/or CC samples. Assuming that we found
some miRNAs that present similar patterns of expression at the cellular
and extracellular (as cell-free and/or EV-derived miRNAs) levels, we
therefore highlight them as promising circulating miRNAs. Examples
are miR-9, miR-10a, miR-20a, miR-92a, miR-141, and miR-196a, all
found wupregulated as cellular [9,106,107] and cell-free
[115,127,130,131,133,136,137] miRNAs in SIL stages and CC, sug-
gesting their potential as non-invasive biomarkers for cervical disease.
Indeed, as seen before, a miRNA panel composed of miR-9, miR-10a,
miR-20a and miR-196a showed high accuracy in discriminating SIL
patients from controls, indicating its potential clinical value for
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screening SIL [133].

Additionally, miR-132, miR-486, and miR-1246 were found upre-
gulated as cellular [9,106,107] and cell-free
[115,129,131,132,135,137] miRNAs, but only in CC, thus implying a
potential role for these miRNAs as non-invasive biomarkers for CC.
Interestingly, besides being qualified as a suitable diagnostic biomarker
for CC (due to significant correlation between its cellular and extra-
cellular levels), miR-486 was found to stimulate cell proliferation, mi-
gration, and invasion through PTEN expression inhibition and activa-
tion of the PI3K/Akt pathway in CC, also standing as a reasonable
treatment target [135]. Additionally, miR-146a also stands as a pro-
mising non-invasive biomarker for CC, since it was found upregulated
within CC tissues [21,104], as well as in EVs [145].

Likewise, cellular miR-21, cell-free miR-21 and EV-derived miR-21
were also found upregulated in CC (and upregulated in LSIL and HSIL
tissues, as well as cell-free miRNAs) [9,106,107,129,136,137,145].
Despite its broad expression, as miR-21 stands as a key player in cancer
(and disease, in general) [152], it may not properly meet the require-
ments of a specific biomarker for SIL and/or CC. Additionally, a few
miRNAs were described only as cell-free miRNAs: miR-103a, miR-122,
miR-139, miR-214, and miR-370, all found upregulated in CC stages
[131,137]. In order to evaluate if they are present within cellular
compartments and/or secreted within EVs, or if they are specifically
cell-free miRNAs, more studies are required. Thus, here we identify
promising circulating miRNAs (or a specific miRNA signature), which
may stand as potential future biomarkers of cervical carcinogenesis.
Fig. 3 summarizes schematically the main findings on circulating
miRNAs in LSIL, HSIL and CC stages, found in both cervical and blood
compartments. Some cellular miRNAs are also shown, although many
were not represented here.

Furthermore, apart from defining potential biomarkers for cervical
carcinogenesis (which is the main goal of this review), we aimed to
establish connections and discrepancies between what is found within
cellular and extracellular compartments — as cellular, cell-free and EV-
derived miRNAs. Similar patterns were already described above.
Opposing ones are mentioned bellow. For example, the expression
patterns of let-7a, miR-17, miR-191, miR-203, miR-212, miR-425, and
miR-451a are known to vary at the cellular level among different stu-
dies. Such variation is also observed when the cellular and cell-free
levels of these miRNAs are compared. MiR-425 (miR-425-5p), for ex-
ample, seems to be an important miRNA in tumorigeneses in different
cancers, with some studies showing its potential as a biomarker. Sun
et al. (2017) have demonstrated a significant correlation between miR-
425 levels in tissue and serum from CC patients (upregulated in both),
defining this miRNA as an independent prognostic biomarker for CC
[134]. Nevertheless, as other studies are in disagreement with the
above-mentioned one, new data are required to confirm or disregard
miR-425as a biomarker.

Another interesting example is the expression of miR-205, which
varies according to cellular and extracellular compartments and de-
pending on cervical disease stage. Different studies have shown an
upregulation of cellular miR-205 in CC [102,104,108,109,112,116],
while another has demonstrated a relatively decreased expression of
cellular miR-205 in the transition from normal cervix to atypical dys-
plasia and its increased expression in the transition from atypical dys-
plasia to CC [103]. Cell-free miR-205, in turn, was found upregulated in
LSIL, SIL and CC in different populations and samples (mucus, plasma
and serum) [128,136,137,140]. And curiously, EV-derived miR-205
was found downregulated in EVs released from keratinocytes trans-
duced with HPV-16 E6/E7 [148]. For miR-218, also a contradictory but
interesting pattern was observed.

Additionally, cellular miR-218 was extensively described as down-
regulated in LSIL, SIL and CC [21,44,104,118,141], and has been
considered as a tumor suppressor miRNA. Accordingly, cell-free miR-
218 was found downregulated in CC samples [126,141]. However, EV-
derived miR-218 was found upregulated in EVs released from
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Fig. 3. MiRNAs as potential biomarkers for SIL and/or CC in cervical and blood compartments. Illustrative overview of promising miRNAs described in LSIL, HSIL
and CC stages, as cellular (upper panels), cell-free or EV-derived miRNAs, within cervical and blood samples (lower panels). As cervical dysplastic changes and
cellular transformation occur, from SIL to CC, different miRNAs are expressed. Here, despite our main focus on circulating miRNAs, we represent some of the most
common cellular miRNAs described, in order to reinforce connections (as well as gaps) between what is found within cellular and extracellular compartments. Only
miRNAs that with concordant patterns of expression are represented here (miRNAs presenting conflicting results were not included). SIL, squamous intraepithelial
lesion; LSIL, low-grade squamous intraepithelial lesion; HSIL, high-grade squamous intraepithelial lesion; CC, cervical cancer. (Image source: Mind the Graph

platform; https://mindthegraph.com).

keratinocytes transduced with HPV-16 E6/E7 (and was similarly found
in the cellular compartment, as well as within EVs) [148]. In order to
confirm and understand these opposing findings, more studies are de-
finitely needed. Despite that, miR-205 and miR-218 seem reproducible
as cell-free miRNAs in CC [126,128,136,137,140,141].

For sure, concerning circulating miRNAs, only a scarce amount of
information is available. Thus, contradictory patterns like those above-
mentioned may be a result of insufficient data, or indeed have a bio-
logical purpose. Regardless, defining similar and opposing patterns is of
urgent need. To date, it is still uncertain if a cell releases cell-free
miRNAs in a programmed and selective way, or if this release occurs ‘by
chance’ or as a result of cellular death. If accidentally, does it still mean
something? Can these biomarkers be useful somehow? Concerning EV-
derived miRNAs, there is a consensus that they are selectively packaged
into EVs. Thus, adopting EVs as non-invasive biomarkers may represent
a more appropriate approach in comparison to cell-free miRNAs. Is that
really true? All these questions are still unanswered.

Finally, as challenges and limitations concerning circulating miRNA
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research, it is important to mention that almost all the studies in-
vestigating circulating miRNAs involves samples from the Chinese po-
pulation, with a few involving Japanese participants. Thus, it is difficult
to establish ‘global’ circulating biomarkers in cervical carcinogenesis.
Other limitations are the use of different techniques and/or analysis
methods, as well as the lack of studies involving other biological fluids.

10. Conclusions

MiRNAs' involvement in HPV infection, SIL development and CC
progression is becoming more evident each day, as well as their po-
tential use as non-invasive biomarkers. Taking that for granted, de-
fining a circulating miRNA panel involved in SIL and/or CC has become
an important issue in recent years, perhaps being even more important
than defining a cellular miRNA signature, especially considering that
obtaining cervical tissue involves an invasive procedure. Certainly, this
is really a research field under recent construction - if this was true for
cellular miRNAs, it is even more evident for circulating miRNAs.
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Despite the numerous challenges, finding new molecular non-invasive
biomarkers, with high sensitivity and specificity is strictly necessary.
Hence, defining promising circulating miRNAs (or specific miRNA sig-
natures) from biological fluids specimens may be useful for screening,
diagnosis, prognosis, and clinical monitoring of drug responses, as well
as for predicting SIL or CC risk. In addition, such approach may allow
an early intervention of precancerous stages, such as LSIL and HSIL,
yielding a higher chance for cure.
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