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RESUMEN

Los microRNAs (miRNAs) son RNAs pequefios no codificantes que regulan la
expresion de mRNAs que poseen secuencias complementarias. Alteraciones
en la funcién de los miRNAs han sido ampliamente reportadas en céncer,
incluyendo a los canceres cérvico-uterino y de préstata, dos de los tumores
mas comunes a nivel mundial. Se ha observado que la expresion del grupo
miR-143/145 se encuentra disminuida en tumores de cérvix y préstata, lo que
sugiere que tales miRNAs funcionan como supresores de tumor al regular
transcritos asociados a procesos celulares tales como viabilidad, proliferacion,
migracion, invasion y diferenciacion. El propdsito de este trabajo fue evaluar la
funcion de miR-143/145 como genes supresores de tumor en dos contextos
opuestos y complementarios: cancer y diferenciacion. Primeramente, el efecto
de mimetizadores de miRNAs fue evaluado en cultivos monocapa y esferoides
tridimensionales de lineas celulares de cancer cervical y de préstata. Se
observé una disminucién en la viabilidad, proliferacion, migracién e invasion
en células transfectadas con miR-143/145, resaltando que el efecto supresor
mas fuerte fue generado por miR-145. Ademas, se validé que miR-145
disminuye los niveles de pMLC al regular MYPT1. El silenciamiento de MYPT1
reprodujo los efectos de miR-145, sugiriendo que miR-145 actia como
supresor de tumor mediante la regulacion de MYPT1. Por otra parte, la
expresion de miR-145 fue analizada en la diferenciaciéon del queratinocito. La
expresion de miR-145 fue detectada so6lo en queratinocitos estratificados de
muestras de prepucio y cultivo tipo 6rgano, contrario a cultivos monocapa,
mostrando la relevancia de los cultivos 3D. Ademas, la expresion de miR-145
fue responsiva a la irradiacion con luz UVC, aumentando tanto en epidermis
como en fibroblastos, implicando que miR-145 es necesario para la
homeostasis de la proliferacion-diferenciacion epitelial, un proceso que se
encuentra alterado en células de cancer. En conclusion, miR-143/145 actuan
como supresores de tumor en cancer de cérvix y prostata, siendo miR-145 el
efector mas fuerte y cuya expresion esta relacionada con la diferenciaciéon

epitelial.



ABSTRACT

MicroRNAs (miRNAs) are small non-coding RNAs which regulate the
expression of MRNAs containing complementary sequences. Disruption of
mMiRNA function has been widely reported in cancer, including cervical and
prostate cancer, two of the most common tumors worldwide. The miR-143/145
cluster has been found down-regulated in cervical and prostate tumor cells,
suggesting an active cooperation to specifically target gene transcripts
associated with cellular processes such as viability, proliferation, migration,
invasion and differentiation. The aim of the present work was to evaluate the
function of miR-143/145 as tumor suppressor genes in two opposite and
complementary contexts: cancer and differentiation. Monolayer and
tridimensional spheroid cell cultures were performed to observe the effect of
mMiRNA mimics in cervical and prostate cancer cell lines. We observed that miR-
143/145 decreased the viability, proliferation, migration and invasion, showing
that miR-145 has the most potent suppressive effect. Furthermore, we found
that miR-145 regulates the pMLC levels by targeting MYPT1. The MYPT1
silencing reproduced the miR-145 effects, suggesting that miR-145 acts as
tumor suppressor through MYPT1 regulation. Additionally, the expression of
miR-145 was analyzed in keratinocyte differentiation. MiR-145 was detectable
only in stratified keratinocytes from foreskin samples and organotypic cultures,
contrary to monolayer cell cultures, showing the relevance of 3D cultures.
Moreover, miR-145 expression was responsive to UVC irradiation both in
epidermis and in fibroblasts, implying that miR-145 is needed for epithelial
proliferation-differentiation homeostasis, a process disrupted in cancer cells. In
conclusion, miR-143/145 act as tumor suppressors in cervical and prostate
cancer cells, with miR-145 as the strongest effector and whose expression is

related to epithelial differentiation.



INTRODUCTION

MicroRNAs

MicroRNAs (miRNAsS) constitute a group of conserved, small non-coding RNAs
(ncRNA) of 18-25 nucleotides in length mainly involved in posttranscriptional
gene silencing. Nowadays, it is evident that a proper miRNA activity is essential
for normal cellular physiology. MiRNAs comprise 1-2% of all genes in worms,
flies, and mammals [1], and because each miRNA is predicted to regulate
hundreds of target genes, the majority of protein coding genes is thought to be
under their control [2]. In practice, this means that virtually every biological
process is subject to miRNA-dependent regulation [3]. This new paradigm of
gene regulation was established in 1993 when lin-4 (lineage-deficient-4), was
identified as a ncRNA responsible for the silencing of lin-14, an essential gene
for development of the nematode Caenorhabditis elegans [4]. Since then, the
number of miRNAs is growing rapidly, and the latest database release (v22,
March 2018) described 38,589 loci from 271 species, processed to produce
48,885 mature miRNA products (Sanger miRBase). The functional mature
mMiRNAs are the result of a complex biogenesis process that takes place both
in the nucleus and the cytoplasm.

The biogenesis of miRNAs starts in the cell nucleus, similarly to protein-coding
genes (Figure 1). Typically, a miRNA gene only expresses an individual
mMiRNA; however, some groups of miRNAs are frequently transcribed as a
single polycistronic transcript when they are clustered together [5]. Most
mMiRNAs are transcribed by the RNA polymerase Il (Pol Il) into primary
transcripts called primary miRNAs or pri-miRNAs, although Pol 1l has also
been demonstrated to carry out miRNA transcription [6]. The pri-miRNAs form
one or more imperfect stem-loops, have 5' and 3’ unstructured single-stranded
fragments and are capped with 7-methylguanosine at the 5' terminus and
polyadenylated at the 3’ terminus [7]. After their transcription, the pri-miRNAs
are cleaved by a type Ill RNase called Drosha and its double-stranded RNA-
binding protein co-factor named DGCR8 (DiGeorge syndrome critical region

gene 8), also called Pasha in C. elegans and Drosophila melanogaster
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(together are known as the Microprocessor complex). DGCRS8 recognizes the
single stranded—double stranded RNA (ssRNA—dsRNA) junction in pri-
mMiRNAs.

Figure 1. The miRNA biogenesis process. Ago, Argonaute protein; miRNA,
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The cleavage gives rise to the precursor miRNAs, or pre-miRNAs, hairpin-like
structures of ~70 nucleotides in length, with a 5 monophosphate and a 3’
hydroxyl group. A typical feature of pre-miRNAs is a 3' 2-nucleotide overhang
[8]. Alternatively, some intronic miRNAs (called mirtrons) bypass the Drosha
processing step and, instead, use splicing machinery to generate the pre-
mMiRNA [9]. Then, pre-miRNAs are transported into the cytoplasm for further
processing to become mature miRNAs. The transport of the pre-miRNA occurs

through nuclear pore complexes, which are large protein channels embedded
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in the nuclear membrane [10]. The transport of the pre-miRNA is mediated by
the RAN-GTP-dependent nuclear transport receptor exportin-5 (XPO5) [11].
Once the pre-miRNAs are released in the cytoplasm by XPO5, the loop of pre-
MIiRNA is cleaved off by another RNase Ill called Dicer, which is a highly
specific enzyme that measures about 22 nt from the pre-existing terminus of
the pre-miRNA and cleaves the miRNA strand, resulting in a short RNA duplex
with 3' 2-nucleotide overhangs [12]. The latter reaction is often accompanied
with the formation of RISC (RNA-induced silencing complex), which enables
silencing of mMRNAs. The RISC complex is made up of a strand of the mature
mMiRNA, called guide strand, as well as Dicer, TRBP (TAR RNA binding
protein), PACT (protein activator of PKR) and Argonaute (Ago) proteins [13].
The guide strand functions as an adaptor to specifically recognize target
MRNAS, binding to specific binding sites typically, but not exclusively, located
in the 3’ untranslated regions (3' UTRs) of target mMRNAs through Watson-Crick
base pairing [14]. The degree of mMIRNA-MRNA complementarity is a major
determinant of the regulatory mechanism process. In plants, complementarity
between target sites and miRNAs is usually perfect or near-perfect, leading to
Ago-catalyzed mRNA cleavage and degradation [15]. However, in animals
complementarity between miRNAs and mRNA is not perfect and regulation is
mainly through base-pairing interactions with their proximal region
(encompassing nucleotides 2-8) called the “seed region” [16], resulting in
multiple pathways of regulation. Transcript degradation is the outcome of
destabilization due to recruitment of deadenylation factors that remove the
poly(A) tail and make the mRNA susceptible to exonucleolytic degradation [17].
Moreover, translation repression by miRNAs is achieved by inhibition of
translational initiation or elongation, as well as for directed proteolysis of the
peptide that is being synthesized from the target mRNA [18,19].

It has been proposed that mMRNA regulation by miRNAs occurs in the P-Bodies.
The P-bodies are discrete cytoplasmic foci that co-localize with mRNA-RISC
complex and, moreover, they contain many enzymes that participate in mRNA
deadenylation, decapping and degradation [20]. This led to consider that the



P-bodies are centers of miRNA regulation, that is to say, where the mRNA
translational repression or degradation takes place [21].

Despite their clear importance as a class of regulatory molecules, determining
the biological relevance of individual miRNAs has proven challenging.
Generally, the physiological functions of specific miRNAs have been inferred
from overexpression studies in animals and monolayer cultured cells, or from
studies that used antisense molecules as a means of disrupting their pairing to
targets [22]. These experiments have attributed critical roles to miRNAs in
processes such as cell proliferation, differentiation, and survival, and have
implicated them as crucial players during normal development and

homeostasis [23—-25].

Implications of miRNAs in cancer

In few years miRNAs have been firmly established as key molecular
components of the cell in both normal and pathological states. The initial
indication that miRNAs play important roles in human disease came from high-
throughput and functional studies in cancer cells. A seminal study by Calin and
colleagues showed that miR-15a/16-1 cluster is frequently deleted in chronic
lymphocytic leukemia, implicating these miRNAs as tumor suppressors [26].
After this discovery, hundreds of studies were published defining a role for
mMiRNAs in the pathogenesis of cancer. When miRNAs are up- or down-
regulated in malignant tissues compared to the normal counterpart, they are
considered as oncogenes or tumor-suppressors, respectively [27]. In addition,
mMiRNAs have shown to be differentially expressed in cancer cells, in which
they formed distinct and uniqgue miRNA expression patterns [28], and these
tumor miRNA profiles can define patient survival and treatment response
[29,30].

Changes of miRNA expression in tumors are caused by different conditions.
Usually, miRNA genes are located in or nearby chromosomal alterations within
tumors (amplifications, deletions or linked to regions of loss of heterozygosity)

or in common chromosomal-breakpoints that are associated with the



development of cancer [31]. In addition to structural genetic alterations,
mMIRNAs can also be silenced by promoter DNA methylation and loss of histone
acetylation [32]. Interestingly, somatic translocations in miRNA target sites can
also occur, representing a drastic means of altering miRNA function [33,34].
Single nucleotide polymorphisms (SNPs) and mutations have been identified,
as well as deletions of 3'UTRs during mRNA splicing in cancer cells rendering
MRNASs insensitive to miRNA regulation [35].

Furthermore, most miRNAs have been found repressed in tumors relative to
normal tissue counterparts, as indication of the general loss of differentiation of
cancer cells [28]. In agreement with these observations, global depletion of
mMiRNAs by genetic deletion of the miRNA-processing machinery favors cell
transformation and tumorigenesis in vivo [36,37]. This highlights that miRNA
alteration is not simply an effect of tumorigenesis but plays a causative role in
cancer development. Despite the general reduction of miRNAs in tumors,
several miRNAs are upregulated, some of which undoubtedly play oncogenic
roles [38].

Understanding of the function of miRNAs and how it contributes to cancer
development provides new insights on the molecular basis of cancer and,
especially, an opportunity for the generation of new strategies for diagnosis and
therapy. Restoring miRNAs with tumor-suppressive functions is one of the aims

of current cancer therapies [27].

Cervical cancer

Cancer is a generic term for a large group of ilinesses that can affect any part
of the body. Other terms used are malignant tumors and neoplasms. One
defining feature of cancer is the rapid creation of abnormal cells that grow
beyond their usual boundaries, and which can then invade adjoining parts of
the body and spread to other organs, the latter process is referred to as
metastasizing. Metastases are the major cause of death from cancer [39].
Cancers figure among the leading causes of morbidity and mortality worldwide,
with approximately 14 million new cases and 8.2 million cancer related deaths



in 2012. Uterine cervix and prostate are among the 5 most common sites of
cancer in women and men, respectively [40].

Cervical cancer is a public health issue in Mexico and the World; in fact, it is
the second most common cancer in women living in underdeveloped countries
with an estimated 445 000 new cases in 2012 (84% of the new cases
worldwide) [39]. Epidemiological studies show that infection with the high-risk
human papillomavirus (HPV) infections is the major risk factor for the
subsequent development of cervical cancer, being the HPV types 16 and 18
the most commonly detected [41].

It is well known that HPV infection and vegetative viral growth are dependent
upon a complete program of keratinocyte differentiation (Figure 2a). Viral
infection is targeted to the basal keratinocytes, but a high-level viral expression
of viral proteins and virion assembly occur only in the spinosum and
granulosum strata of squamous epithelia. It is important to recognize that, in
the normal infectious cycle, viral gene expression is tightly controlled by the
keratinocyte differentiation. However, in pre-cancerous lesions and cervical

cancer cell differentiation viral expression is deregulated (Figure 2b) [42].
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Figure 2. Expression pattern of high-risk HPV genes during the normal life cycle
and cervical cancer. A) After infection (i.e. through a wound), the viral genome
is maintained as a low copy number episome. During epithelial differentiation
E6 and E7 genes are expressed and are necessary for S-phase entry (red).
Later in the higher epithelial layers viral replication proteins (E1, E2, E4, and
E5) increase in abundance (green), facilitating amplification of viral genomes
(blue). Finally, in the upper epithelial layers the viral capsid proteins (yellow)
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are found. B) In pre-cancerous neoplasia and cervical cancer, the normal
regulation of HPV life cycle is lost and EG/E7 expression is increased [42].

Experimental studies showed that the E6 and E7 genes of the high-risk HPVs
encode oncoproteins that deregulate key controls in cell proliferation. E7 most
biologically relevant interaction is with pRb protein, effectively blocking the
transcriptional repressor function of this protein. E6 enhances the degradation
of p53, thus compromising the cell’s own ability to arrest growth in response to
DNA damage [43,44]. When the E6 and E7 oncogenes of the high-risk HPVs
are introduced into primary genital keratinocytes (the target cell for HPV
infection), it can result in an escape from senescence and the acquisition of an
immortal phenotype [45]. Nevertheless, these immortalized lines, when
injected into nude mice, do not produce invasive tumors and the progression
to the invasive phenotype by these cell lines is an infrequent event requiring
prolonged in vitro passage [46] or additional insults such as the introduction of
activated oncogenes [47]. Moreover, genital HPV16 infection, for example, is
common in young sexually active women, but relatively few infected women
progress to cervical carcinoma [48]. Despite the fact that HPV16 encodes
potent oncoproteins, the development of cervical cancer as a consequence of
HPV gene expression is, in the real world, a rare event [49]. Thus, HPV
infection is required but not enough for cervix neoplasia, and genetic and/or
environmental co-factors, such as alterations in miRNAs expression, must

contribute to tumor progression.

Prostate cancer

Prostate cancer is the most common cancer among men behind non-
melanoma skin cancer and is the second highest cause of cancer death among
men of all races [50,51]. Although human prostate cancer displays significant
phenotypic heterogeneity, >95% of prostate cancers are classified
pathologically as adenocarcinoma, which has a strikingly luminal phenotype
[52]. The age (it is predominantly diagnosed in senior adults), family history,

diet, and pharmaceutical drugs such as nonsteroidal anti-inflammatory drugs,



lipoxygenase inhibitors, and isoflavones have been associated with this kind of
cancer [53,54].

Diagnosis and treatment of prostate cancer is based on a series of clinical
states: beginning with localized disease, followed by the non-castrate rising
prostate-specific antigen (PSA) state and the non-castrate metastatic state;
finally, the castration-resistant states are lethal for most men [55]. The
implementation of the highly accessible blood test for PSA almost three
decades ago revolutionized the diagnosis and increased prostate cancer
awareness [56]. PSA is a kallikrein-related serine protease that is produced in
normal prostate secretions but is released into the blood as a consequence of
disruption of normal prostate architecture by cancer [57]. Historically, the
established cut-off of an abnormal PSA level was greater than 4.0 ng/mL [58],
but more contemporary studies have shown that any level of PSA incorporated
within a prostate cancer risk calculator may be a better method of evaluating
the indication for a prostate biopsy [59,60]. Furthermore, there is recent
evidence that patients with a normal PSA level (<4.0 ng/mL) have a high
prevalence of prostate cancer [61], showing that PSA test could fail for a good
prostate cancer diagnosis. To improve upon the accuracy, age, ethnicity, family
history of prostate cancer, PSA velocity, and previous prostate biopsy
information were incorporated into a predictive model among these men [60].
If prostate cancer is diagnosed, conventional treatment regimens include
surgical excision of the prostate (radical prostatectomy), or irradiation through
external beam therapy or implantation of radioactive “seeds” (brachytherapy).
In the case of advanced cancer, these regimens are usually followed or
substituted with androgen deprivation therapy, which initially will reduce tumor
burden and/or circulating PSA to low or undetectable levels, but ultimately the
disease will recur in most cases [52]. In the case of bone metastases (this
organ has an unusually high propensity for being metastasized [62]), most
current treatments have only palliative effects, with little effect on long-term

survival [63].
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At present, there are several major clinical challenges associated with prostate
cancer diagnosis and treatment. The miRNAs could be useful for a better
understanding of the mechanisms by which prostate cancer develops and
metastasizes and at the same time, produce new potential biomarkers for
diagnostic as well as new therapeutic targets. Between all miRNAs reported to
date, the miR-143/145 cluster is a couple of promising miRNAs for cancer

diagnostic and therapy.

The miR-143/145 cluster as tumor suppressor genes

The miR-143 and miR-145 genes are closely located in a 1.6 kb region on
chromosome 5g33.1. These miRNAs, highly conserved in vertebrates, are
transcribed as a bicistronic precursor (Figure 3) and frequently display a
coordinated expression profile.

The miR-143/145 cluster has been related to several cellular processes, mainly
differentiation. In adipocytes, miR-143 showed to promote the differentiation
targeting ERK5 [64]. Moreover, miR-145 and miR-143 are tightly integrated into
a core transcriptional network involved in smooth muscle differentiation and
proliferation, and miR-145 functions as a critical switch in promoting smooth
muscle differentiation. Also, they are transcribed as a bicistronic unit and
therefore share common regulatory elements that control their expression
resulting in that miR-143 is co-expressed in virtually all samples where miR-
145 is detected [65,66]. Regarding stem cells, miR-145 acts to silence multiple
pluripotency factors (SOX2, OCT4 and KLF4) during the switch from self-

renewal to lineage commitment [67].
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Figure 3. Upper panel, genomic organization and major primary transcript
structure of the miR-143/145 cluster (edited from NCBI Graphical Sequence
Viewer). Lower panel, secondary structures of pre-miR-143 and pre-miR-145,
highlighting in red and blue the mature miRNA sequences for miR-143 and
miR-145, respectively (obtained from miRBase web site).

The initial discovery of miR-143 and miR-145 in humans came in 2003 from
the report of Michael et al. in which both transcripts were identified in colonic
adenocarcinoma tissue and demonstrated a reduced level compared to normal
colon mucosa. Cloned and sequenced small RNAs were homologous to known
murine miRNA sequences for miR-143 and miR-145, and these were found at
lower levels in neoplastic tissue compared to the matched normal tissue [68].
This differential expression between normal colon and colorectal cancer was
confirmed by Akao et al., who also found that overexpression of this cluster
decreased proliferation of colorectal cancer cell lines [69].

This general approach of comparing either tumor tissue/cell lines to normal
tissue was performed for a variety of other malignancies, such as gastric cancer
[70], chronic lymphocytic leukemia and B cell lymphoma [71], bladder cancer
[72,73], nasopharyngeal carcinoma [74], cervical [75] and prostate cancer [76].

Thus, a broad sense of miR-143/145 loss in cancer was established and
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suggested a potential role as tumor suppressor. In addition, several tumor-
related genes have been validated as target of miR-143/145 (Table 1),
reinforcing the idea that this miRNA cluster act as tumor suppressors and
provide an important clue in the study of the mechanism of tumor initiation and
progression.

Table 1. Validated miR-143/145 targets related to cancer

Gene Targeted by Process Reference

ELK1 miR-143 Proliferation (Cordes et al., 2009)
ERK5 miR-143 Proliferation (Esau et al., 2004)
c-MYC miR-145 Proliferation (Sachdeva et al., 2009)
BCL2 miR-143 Apoptosis (zhang et al., 2010)
HK2 miR-143 Glycolysis (Fang et al., 2012)
OCT4 miR-145 Pluripotency (Xu et al., 2009)

KLF4 miR-145 Pluripotency (Xu et al., 2009)

SOX2 miR-145 Pluripotency (Xu et al., 2009)

MYO6 miR-143 Migration (Szczyrba et al., 2010)
MMP-13 miR-143 Migration (Osaki et al., 2011)
ADAM-17 miR-145 Migration (Doberstein et al., 2013)

Normally, mature miR-143 and miR-145 show a high expression in human
normal tissue like the cervix, uterus and prostate [75,77].

On one hand, numerous studies have associated the cervical cancer with
changes in miRNA expression. In a meta-analysis performed by Li et al., they
identified that down-regulation of miR-143 and miR-145 were the most
consistently reported (seven and six studies respectively), suggesting that
these miRNAs are potential biomarkers of cervical cancer. In addition, HPV is
able to modulate expression of host miRNAs to control its own life cycle, like
miR-145, which is repressed to allow viral replication by targeting viral
sequences and by acting on cellular factors, such as KLF-4 [78]. When primary
human vaginal keratinocytes are infected with HPV-18 and cultured in stratified

and differentiated raft tissues, miR-143/145 is downregulated, suggesting that
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the virus regulates this miRNA cluster to control its life cycle which is
differentiation-dependent. In the same study, both miR-143 and miR-145 were
found suppressive to HelLa cell growth, thus these data suggest that miR-
143/145 probably need to be downregulated in cervical cells for tumor
progression [75]. In addition, in our preliminary work, we showed that miR-143
is not expressed in cervical cancer cell lines nor immortalized keratinocytes.

On the other hand, studies have shown that miR-143 is considerably
decreased in prostate cancer, and its expression is further decreased during
cancer progression [79]. K-RAS, a key molecule of MAPK signaling pathway,
is a viral oncogene homolog involved in cell proliferation and migration in
response to growth factors. The MAPK pathway also works at another level
through its effect on androgen receptors (AR), where it increases AR in
response to low androgen, and this is considered a main process in androgen
derivation therapy relapse. K-RAS is a potential target for miR-143 [2], thereby
lower levels of miR-143 in prostate cancer cells may be involved in
carcinogenesis due to the lack of its inhibitory effect on K-RAS and MAPK
pathway. Moreover, Xu et al. [80] showed that miR-143 regulates K-RAS, p-
ERKZ1/2, and cyclin D1 and plays a role in cell proliferation, migration, and
chemosensitivity in prostate cancer. They also showed that miR-143 over-
expression in prostate cancer cells represses proliferation and migration,
thereby augmenting sensitivity to docetaxel by affecting the EGFR/RAS/MAPK
pathway. Exploring the correlation between the levels of miR-143/145 and the
pathological features of prostate cancer showed that down-regulation of
mMiRNAs-143 and -145 was negatively associated with bone metastasis and the
levels of free PSA in primary prostate cancer patients [2]. Over-expression of
miR-143/145 by retrovirus transfection decreased the ability of migration and
invasion in vitro, and tumor development and bone invasion in vivo of PC-3
cells (a human prostate cancer cell line originated from bone metastatic
prostate cancer). Their upregulation also enhanced E-cadherin expression and
decreased fibronectin expression in PC-3 cells with features of a less invasive

morphologic pattern [2]. Emerging evidence showed that cancer stem cell
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(CSCs) are the critical drivers of tumor progression and metastasis.
Overexpression of miR-143/145 inhibits CSC properties in PC-3 cells
suppressing tumor sphere formation and expression of CSC markers and
‘stemness’ factors including CD133, CD44, Oct4, c-Myc and Klf4. Furthermore,
miR-143/145 inhibits bone invasion and tumorigenicity in PC-3 cells in vivo [81].
The information above suggests that miR-143 and 145 are related to bone
metastasis of prostate cancer and may play a biological role in this process.
Therefore, the miR-143/145 cluster is a potential biomarker and probably a
tumor suppressor miRNA that could be useful to understand tumor progression
in cervical and prostate cancer.

Moreover, the miR-143/145 cluster has been previously reported as a regulator
of cytoskeleton dynamics in vascular injury conditions [82]. Because
cytoskeleton remodeling is crucial for processes related to cancer, such as cell
division and migration, miR-143/145 may affect tumor growth, progression and

metastasis.

Relevance of the actomyosin cytoskeleton in cancer

Several chemotherapeutic drugs have cytoskeletal proteins as target. Although
the main target is tubulin [83], actin-binding drugs have a great potential as
novel chemotherapeutic agents [84].

Actin is a globular protein that polymerizes into semi-flexible filaments that form
a network that is crucial for the cytoskeleton structure. These filaments are
organized in different types, such as branched and crosslinked networks,
parallel bundles, and anti-parallel contractile structures. These different
architectures are actively interconnected to act as biochemical and mechanical
elements to drive cell shape changes and motility [85]. Furthermore, actin
filaments are dynamically reorganized during mitosis due to a tight regulatory
interaction with mitotic events [86]. Nevertheless, for proper function actin
filaments should work in conjunction with the myosin molecular motor.

The myosin superfamily is represented by 15 isoforms. Myosin Il is the

conventional two-headed myosin first identified in muscle. Much of our

15



understanding of the regulation of non-muscle myosin Il is by analogy with
smooth muscle myosin Il. Myosin Il is composed of a pair of heavy chains, a
pair of essential light chains and a pair of regulatory light chains (RLC) also
named as myosin light chain (MLC) [87]. The phosphorylation of non-muscle
myosin Il on Serl9 of the MLC regulates both its motor activity and filament
assembly [88—-90]. These mechanical forces driven by myosin activity have a
key role in the regulation of cell proliferation, apoptosis, adhesion and migration
[91,92]. The phosphorylation of MLC is carried out by two groups of enzymes:
one consists of several kinases that phosphorylate MLC (including ROCK,
MLCK, citron kinase, PAK, among others) and the opposing reaction reflects
only the activity of myosin phosphatase (MLCP) that dephosphorylates MLC
[93].

The MLCP holoenzyme contains three subunits: the type 1 protein
phosphatase catalytic subunit (PP1), the myosin phosphatase target subunit
(MYPTL, also termed myosin binding subunit) and a small subunit of unknown
function [94]. The MLCP activity is inhibited by phosphorylation of MYPT1 at
Thr695 by different kinases including ROCK, ZIP kinase, PAK, among others
[95-97]. In addition, ROCK phosphorylates MYPT1 at Thr850, which induces
myosin dissociation from MLPC [98].

MLCP can modulate cell cycle and motility, two events which are upregulated
in prostate cells and tumors, breast and bone cancer [99,100]. Indeed, MLCP
inhibition by a small antagonist resulted in decreased growth rate, reduced
DNA synthesis and G2/M arrest in prostate cancer cells [99]. Several cancer
cell lines present low pMLC levels due to MLCP overexpression and MLCK
downregulation, resulting in cytokinesis failures due to mitotic defects such as
multinucleation and multipolar spindles [101]. In addition, membrane blebbing,
apoptotic body formation and nuclear disintegration during apoptosis are
dependent on MLC phosphorylation and thereby of the actomyosin contractile
activity [102—104].

The contractility of cells highly responds to environment features such as

biochemical composition and stiffness, subsequently dictating the assembly
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and dynamics of cytoskeleton networks [105]. Cells in tissues are embedded
into a highly structured microenvironment. Nonetheless, the properties of the
cell microenvironment are lost in standard cell culture. Micropatterning
methods, a technique to create culture substrates with microscopic features
that provide a defined cell adhesion pattern, allow cells to precisely adapt their
cytoskeleton architecture to the geometry of their environment [106], allowing
comparison cytoskeleton changes through different conditions and thus
facilitating the understanding of the cell physiology. Besides micropatterning
methods, three dimensional (3D) cultures represent a relevant in vitro model to

mimic physiological cell conditions and reveal the miRNA function.

3D cultures

Cell culture is an important tool for biological research. Two-dimensional cell
culture has been traditionally used by several decades [107], but growing cells
in flat layers on plastic surfaces does not accurately reproduce the in vivo
physiology, resulting in an 95% ineffectiveness of translation of in vitro
experimental data into clinical trials [108]. 3D cultures represent a more
relevant alternative to monolayer cell cultures because they recreate
physiological features in tissue such as cell-cell and cell-matrix interactions,
complex transport dynamics for nutrients and cells, spatial organization, cell
polarization, greater stability and longer lifespan, among others. 3D cultures
show improvements in several studies of basic biological mechanisms, like: cell
number monitoring, viability, morphology, proliferation, differentiation,
response to stimuli, cell-cell communication, migration and invasion of tumor
cells into surrounding tissues, angiogenesis stimulation and immune system
evasion, drug metabolism, gene expression and protein synthesis, general cell
function and in vivo relevance [109]. Recently, contrary to monolayer cultures,
3D cultures recapitulated the molecular signature (MRNA, miRNA and
metabolic profiles) of tumors or tissues [110,111]. To date, several 3D cell
cultures technologies have been developed based on advances in cell biology,

microfabrication techniqgues and tissue engineering. These include:
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multicellular spheroids, organoids, scaffolds, hydrogels, organ-on-a-chip, and

3D bioprinting, each with its own advantages and limitations (Table 2) [112].

Table 2. Advantages and Disadvantages of Different 3D Cell Culture
Techniques (reviewed by [112])

Technique

Spheroids in low

attachment
surfaces

Organoids

Scaffolds/hydrogels

Organ-on-a-chip

3D bioprinting

Advantages
Easy-to-use protocol
Scalable to different plate formats
Compliant with high-throughput
screening (HTS)/high-content screening
(HCS)
Co-culture ability
High reproducibility
Patient specific
In vivo—like complexity
In vivo—like architecture

Applicable to microplates
Amenable to HTS/HCS
High reproducibility
Co-culture ability

In vivo—like architecture
In vivo—like microenvironment, chemical,
physical gradients

Custom-made architecture
Chemical, physical gradients

Disadvantages

Simplified
architecture
Forced
aggregation

Can be
variable.
Less
amenable to
HTS/HCS
Hard to reach
in vivo
maturity
Complicated
protocol.
Lack
vasculature
May lack key
cell types
Simplified
architecture
Can be
variable
across lots
Lack
vasculature.
Difficult HTS
adaptability
Lack
vasculature
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High-throughput production Challenges
Co-culture ability with
cells/materials
Difficult HTS
adaptability
Issues with
tissue
maturation
Spheroid cultures in low attachment surfaces and organotypic cultures based
in scaffold system represent easy and reproducible techniques for drug
screening with several advantages compared to 2D monolayer cultures.
Several techniques to growth spheroid cultures have been developed, such as
liquid overlay, hanging drop, microwell hanging drop, micropatterned agarose
wells, microfluidic, and lately, ultra-low attachment surfaces [113]. The latter,
promotes the self-aggregation of cells into spheroids using both an ultra-low
attachment polymer coating and a well-defined geometry (e.g. round, tapered
or v-shaped bottom) to drive and position a single spheroid per well, enabling
high-throughput screening (HTS) or high-content screening (HCS) [112]. In
addition, spheroids develop gradients of oxygen, nutrients, metabolites, and
soluble signals, thus creating heterogenous cell populations (e.g. hypoxic vs
normoxic, quiescent vs proliferating cells, a necrotic center vs replicating
outside) (Figure 4) [114]. Commercially available products such as Matrigel®
basement membrane matrix or hyaluronic acid are used to mimic the ECM
interactions, allowing cells to respond to external stimuli and degrade the ECM
proteins for invasion [115].
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Figure 4. Representation of a spheroid in an ultra-low attachment surface with
pathophysiological gradients schematically reported [114].

Although spheroid is a great technique for drug screening in cancer research,
it has several disadvantages to study epidermal physiology as spheroids
cannot be easily recovered from the matrix where they are embedded and they
fail to reproduce all the epidermal layers [116]. Some of these disadvantages
are overcome when keratinocytes are cultured in systems based on air-liquid
interface exposition [117].

Skin organotypic cultures, traditionally constructed in air-liquid systems,
overcome weaknesses observed in differentiation of keratinocytes monolayer
cultures, like the lack of caspase-14 expression, a terminal-differentiation
epidermal marker [118]. The structure of this model consists in the co-culture
of keratinocytes and fibroblasts embedded in a gel matrix, resulting in tissue-
like features from epidermal differentiation like morphology and rates of cell
division [119]. These cultures start adding fibroblast support cell (called
feeders) to vacant scaffolds, ranging from collagen gel to commercial ECM
proteins mixtures. When fibroblasts have already populated the scaffold, the
keratinocytes are seeded in the top. Stratified differentiation is induced by

stablishing a liquid-air interface on the keratinocyte layer (Figure 5) [120].
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Figure 5. Flowchart of organotypic epidermal culture system [120].

The skin organotypic cultures are useful to study molecular mechanisms that
regulate tissue homeostasis and development, and to compare the behavior of
human epidermis under a variety of diseases-like scenarios. Moreover,
epithelial cells are surrounded by connective tissue, which contains immune
cells, blood vessels, fibroblast and ECM-bound signaling molecules. Since
these components can regulate epithelial cells and contribute to disease
progression, 3D culture systems are appropriate because of they enable the
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manipulation of components of the microenvironment and the analysis of how
they affect the structure and function of cells or tissue. RNAI, Cre-lox-based
recombination, lentiviral short hairpin RNA and recently CRISPR-Cas9 genome
editing approaches have been adapted to 3D culture, enabling the evaluation
of single genes and genome-scale screening [107].

Alternatives based on epidermis attached to a porous substrate in a chemically
defined serum-free medium instead of matrix-embedded fibroblasts have been
reported [121]. This way, cytokines released by keratinocytes that are not
trapped into a dermal compartment can be analyzed in the culture media [122],
as well as the easy recovering of not-embedded fibroblast which can be co-
cultured below the porous membrane. This kind of reconstructed epidermal
culture leads to terminal keratinocyte differentiation just as it has been
demonstrated by immunohistochemical localization of several epidermal
differentiation markers [123], reproducing every layer of normal stratified
epidermis (Figure 6). Additionally, the latter can be achieved following a simple
protocol for in-house production [124]. Thus, 3D cultures are the methods of

choice to study miRNA expression in a more physiological context.
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Figure 6. Histology of reconstructed human epidermis (RHE) at day 11. After
11 days of culture, RHE were fixed in acetic formalin and embedded in paraffin.
Then histological sections perpendicular to the surface of RHE were prepared
and stained with hematoxylin-erythrosine to allow the morphological analysis
of RHE (bar: 50 um) [124].
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HYPOTHESIS

Down-regulation of the miR-143/145 cluster has been associated with tumor
progression of cervical and prostate cancer cells suggesting an antitumor
function. Therefore, if miR-143/145 expression is reestablished in tumor cells,
this cluster will cause inhibition of several tumor cell processes such as viability,
proliferation, migration and invasion through the targeting of transcript targets
associated to such processes. Moreover, inducing cell differentiation (an event
opposite to cancer) miR-143/145 expression will increase, thus confirming their

role as tumor Ssuppressors.
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GOALS

General

Characterization of the putative tumor suppressor role of the miR-143/145

cluster on the viability, migration, invasion and the proliferation-differentiation

homeostasis of cervical and prostate cancer cells.

Specific

Analyze the endogenous expression of miR-143-3p and miR-145-5p in
cervical cell lines and HPV-immortalized keratinocytes.

Overexpress miR-143/145 and determine their effects in viability,
proliferation, migration and invasion in 2D monolayer and 3D spheroid
cervical and prostate cancer cultures

Look for and validate miR-143/145 targets related actomyosin
cytoskeleton dynamics, focusing on phosphorylation of MLC

Determine the role of miR-143/145 during the differentiation of
keratinocytes in 2D and skin organotypic cultures

Evaluate the miR-143/145 expression in response to UV irradiation
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EXPERIMENTAL STRATEGY

Hodb-1d

abewep
AN 01 asuodsay

sain}na Jakejouow
pue Buiuiayedolsiw uo
paseqaouadsalonjjounwiw|
2.1njoa}lyaie
U0} |9YS0AD
azAleuy

SYNUIs Aq uonouny
-10-ss0| ‘Jauodal ¥H1n
.£ ‘ysJeas soljeulojulolq
‘Buijojgounuuw]

sjablie)
ajepljeA pue puy
0} O1IAd Jojuol

ABojolsiy
‘9ous9salonjounwiwii
‘dodb-1y

aJnyno
aidAjoueblo uys
e Jo dojpaaQq

Buijojgounuwiwi
“"odb-1¥

saJnj|no
JaAejouow
uluonenuaJlayig

1ebie

UOISBAU|

Jagweys uapAog

uonelbipy

sAesse ieBe yos
pue uolnjelodiosul Np3

uoljelajl|odd
AyuBajul sueiquuiaw
PUE s|3A9| 1V

Aungeip

Hodb-1y

uorenuaJayIp

a1hoouljelay
ul uoissaldxgy

sain}nd
Qg pue Qg ul soluw
YNYIWw jo COEU&.—OQ_I_
sjoaye
8y} sulwisIep
PuE SYNY!W
ssaidxalonQ

Hodb-1y

saul| |92
ul uoissaldxe
snouabopug

25



METHODOLOGY

Plasmids and oligonucleotides

All oligodeoxynucleotides were purchased from T4 oligo® (ADN Sintetico
S.A.P.l. de C.V., Mexico). The sequences for hsa-miR-143-3p primers were

based on previous reports [125]. All RT-gPCR primer sequences are listed

below.

Primer

Sequence

miR-143-3p RT

S’GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCA
CTGGATACGACTGAGCTAYZ

miR-143-3p Forward

5 AGTGCGTGTCGTGGAGTYZ

miR-143-3p Reverse

5GCCTGAGATGAAGCACTGT3’

miR-145-5p RT

5 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC
TGGATACGACAGGGATZ

miR-145-5p Forward

5’ACACGCAGTCCAGTTTTCCCAG3’

miR-145-5p Reverse

5GTGCAGGGTCCGAGG3’

SNRNA U6 RT

5’ AAAATATGGAACGCTTCACGAATTTGS’

snRNA U6 Forward

5CTCGCTTCGGCAGCACATATACTS

snRNA U6 Reverse

S’ACGCTTCACGAATTTGCGTGTCZ

PPP1R12A Forward

5'GAGAGGGGATGAAGATGGCGT!

PPP1R12A Reverse

STTCACCTTGGTCTTCTGGCG3

The wild-type miR-145 target sequence in ppplrl2 (MYPT1) transcript (5'-
CTCGAGGACCATAATTGGCAGTCACTGGAAGCGGCCGC-3)
predicted using the TargetScan.org software [126] and a mutant version with
three nucleotide substitutions at the seed sequence (5-CTCGAGGACCAT
AATTGGCAGTCACGTCAAGCGGCCGC-3’) was designed as a control. Both
sequences were cloned into the dual-reporter vector psiCHECK2 (Promega,
Madison, WI).

The synthetic miR-143-3p/145-5p mimics and the scrambled miRNA negative

was

control (NC) were purchased from Ambion® (Thermo Fisher Scientific Inc.,
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Waltham, MA). MYPT1 and Allstars-Negative Control siRNAs were purchased
from Santa Cruz Biotechnology (Dallas, TX) and QIAGEN (Venio, The

Netherlands), respectively.

RT-gPCR Assays

The miRNA relative quantification was made by two-step RT-gPCR, as
described [127]. Briefly, small RNAs (<200 nucleotides) were column-purified
(Zymo Research, Irvine, CA) from monolayer cultures. The miR-143/145
expression was determined by 2-step RT-gPCR. An initial retro-transcription
step was performed with SuperScript Il (Invitrogen) at 42°C/30 minutes and
finally at 85°C/5 minutes. Next, the gPCR was carried out using the Maxima
SYBR Green/ROX gPCR Master Mix (Thermo Scientific) or a miR-145-specific
probe using a Rotor-Gene 3000 thermocycler (Corbett Research, Australia).
The program for amplifying the miRNAs was: 95°C/10 minutes to inactivate the
RT enzyme; later, 40 cycles for miRNA or 30 for U6 control gene, each cycle
consist in 95°C/15 seconds and 60°C/60 seconds. The U6 snRNA was used
as reference control. Relative gene quantification was estimated by the 22CT
[128]. A melting curve was produced to identify the DNA amplicons. In addition,
the PCR products were examined through native 8% polyacrylamide gels.

Cell culture

Cervical tumor cells, prostate cancer cells and immortalized keratinocytes used
in the present work are listed below.

Cell line Phenotype HPV Origin

HelLa Tumoral 18 (+) Cervical cancer
SiHa Tumoral 16 (+) Cervical cancer
Caski Tumoral 16 (+) Cervical cancer
QGU Tumoral 16 (+) Cervical cancer
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C33A Tumoral ) Cervical cancer

HaCaT Immortal ) Spontaneously transformed
human keratinocytes from
adult skin

HKC16 E6/E7 Immortal 16 (+) Foreskin keratinocytes
immortalized with E6/E7
from HPV 16

CXT1 Immortal 16 (+) Cervical cancer

CX16.2 Immortal 16 (+) Cervix keratinocytes
immortalized with the HPV
16 genome

PC-3 Tumoral ) Prostate cancer

DU-145 Tumoral ) Prostate cancer

RPE-1 Immortal ) Retinal epithelial cells h-
TERT immortalized

The cervical cancer cell lines HeLa (ATCC® CCL-2™), SiHa (ATCC® HTB-
35™), CaSki (ATCC® CRL-1550™) and C-33A (ATCC® HTB-31™) ™) were
grown in GIBCO™ DMEM medium (Thermo Fischer Scientific) supplemented
with 5% GIBCO™ fetal bovine serum (FBS) (Thermo Fisher Scientific). The
spontaneously immortalized keratinocytes HaCaT [129] and the HPV16-
immortalized keratinocytes HKcl1l6EG6/E7-11 [130] and Cx16.2 [131] were
cultured in GIBCO® keratinocyte serum-free medium (K-SFM) (Thermo Fisher
Scientific). The foreskin primary fibroblasts and RPE1 cells were grown in
GIBCO® DMEM/F12 1:1 medium (Life Technologies) supplemented with 5%
FBS (Life Technologies). Prostate cancer cell lines PC-3 (ATCC® CRL-
1435™) and DU 145 (ATCC® HTB-81™) were cultivated in GIBCO® RPMI
1640 medium (Life Technologies). All media were supplemented with 1%
Streptomycin/Penicillin  (PAA Laboratories Germany) and 10 pg/mL
Gentamicin (Life Technologies) and cultures were maintained in a humidified
atmosphere at 5% CO2 and 37°C.

RNAI transfection was performed using Invitrogen™ Lipofectamine RNAIMAX
reagent (Thermo Fisher Scientific) following the manufacturer instructions,
using miRNA mimics or siRNAs at 60nM final concentration for cervical cell

lines and 20 nM for prostate cancer cell lines.

28



Primary culture

Primary keratinocytes and fibroblasts were isolated from neonatal foreskins
treated with dispase (Corning) at 25 U/mL in KSFM and maintained at 4 °C
overnight. In the following day, dermis and epidermis were splitted using
forceps. Both epidermis and dermis were tripsinized and neutralized with
DMEM 5% FBS. The keratinocyte primary cultures were maintained in KSFM
while fibroblasts were kept in DMEM/F12 (Thermo Fisher Scientific) until they
had at least 4 passages. Culture homogeneity was determined by RT-qPCR of

miR-203 and desmin as markers for keratinocytes and fibroblasts, respectively.

3D Spheroid Culture

Three hundred transfected cells per well were seeded in 96-well Corning® U-
bottom ultra-low attachment plates (Corning Inc., Corning, NY) and incubated
for 7 days changing media every 2 days. Spheroid phase-contrast photographs
were taken with a Zeiss Axiovert 25 inverted Microscope (Carl Zeiss GA,
Oberkochen, Germany) at 10X magnification. The area of every spheroid was
calculated with the FIJI software, a distribution of Image J [132].

Viability Assay in monolayer culture by ATP level

PC-3 cells were cultured in 96-well plates (Corning). Cells were maintained 72h
post transfection and viability was analyzed using the ViaLight plus kit (Lonza,
Basel, Switzerland) following manufacturer’s instructions. The luminescence

was measured with a GloMax® 96 Microplate Luminometer (Lonza).

Viability in Spheroid Culture by membrane integrity

Cell viability was determined three days after transfection by adding 100 mM
SYTOX Green (Thermo Fisher Scientific) and 1pug/mL Hoechst 33342 (Merck
KGaA, Darmstadt Germany) followed by a further 24 h incubation. Live cells

fluorescence was calculated by subtracting of SYTOX Green (impermeable)
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from Hoechst (permeable) fluorescence staining intensities using a Zeiss
Axiovert 25 inverted microscope (Carl Zeiss) with epifluorescence at 10X

magnification and FIJI software.

Soft Agar Colony Formation Assay

1.25x103 transfected cells were embedded in 0.35% agarose and layered on a
0.5% agarose base. Cultures were maintained for 12 days with media change
every three days. Five colonies per assay were randomly photographed with
an inverted microscope (Carl Zeiss) and the size (area) was determined using

F1JI software.

Proliferation Assays by EdU Incorporation

PC-3 cells were cultured in 96-well clear bottom plates (Promega) and the
effect was analyzed after 72h transfection. To determine proliferation, cells
were fixed and stained with Click-iT® 5-ethynyl-2'-deoxyuridine (EdU) Alexa
Fluor 647 HSC assay (Thermo Scientific), according to manufacturer’s
protocols. Later, the plates were analyzed by Cellinsight™ CX5 High Content
Screening (HCS) Platform (Thermo Scientific) using HCS Studio and R
Software.

Migration Assay

Migration assays were performed essentially as described [133]. Briefly,
1.5x10* transfected cells were seeded into the upper chamber of non-coated
polycarbonate Transwell® inserts (8 um pore) (Corning) and starved by 16
hours in basal media before addition of media supplemented with 10% FBS to
the lower chambers followed by further 48 hours incubation. Non-migrating
cells were removed from the upper chamber using cotton swabs. Cells were
fixed with cold methanol (-20 °C) and stained with 2% crystal violet solution for
30 minutes. Membranes were removed from the inserts and analyzed by

densitometry with the ImageStudio Software (Li-Cor Biosciences, Lincoln, NE).
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Invasion Assay

Spheroids cultures were transfected and grown for four days as described
above, before addition of 100 pL of Matrigel® Matrix (Corning) and allowed to
solidify by 30 minutes at 37°C and later overlayered with DMEM medium. The
matrix-embedded spheroids were maintained for 48 h and the invasion rate
was estimated by measuring the area between the spheroid edge and the
leading edge of invasive cells using an inverted microscope (Zeiss) and FIJI

software.

Micropatterns

Glass coverslips were first spin coated at 2,000 rpm for 30 s with an adhesion
promoter (TI Prime; MicroChemicals, Madhya Pradesh, India) and then with
1% polystyrene dissolved in toluene. The polystyrene layer was further
oxidized with an oxygen plasma treatment (FEMTO; Diener Electronics,
Germany) for 10s at 30 W and incubated with 0.1 mg/ml poly-lysine
polyethylene-glycol (JenKem Technology, Beijing, China) in 10 mM HEPES,
pH 7.4, at room temperature for 45 minutes. Coverslips were then dried by
spontaneous dewetting. Polyethylene-glycol-coated slides were placed in
contact with an optical mask holding the transparent micropatterns (Toppan
Photomasks, Round Rock, Texas) using a home-made vacuum chamber and
exposed for 5 min to deep UV light (UVO Cleaner; Jelight Company, Irvine,
California). Micropatterned slides were washed once in PBS and finally
incubated for 30 min with a solution of 20 pg/ml bovine fibronectin solution
(Sigma-Aldrich, St. Louis, Missouri). Before plating cells, patterned coverslips
were washed three times with sterile PBS. The circular micropattern has an
area of 1000 pm?. RPEL1 cells were transfected for 48 h and then plated on the

micropatterns for 2 h [134].
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Immunostaining

Cells were pre-permeabilized for 10 seconds with 0.5% Triton X-100 in
cytoskeleton buffer pH 6.1 and fixed in 4% paraformaldehyde in cytoskeleton
buffer for 15 min at room temperature. They were then rinsed twice with PBS
and incubated in 0.1 M ammonium chloride in PBS for 10 min. Cells were then
blocked with 3% BSA in PBS Ca?* Mg?* for 30 min. Cell nuclei, pMLC2 and
actin were stained with Hoechst 33342, anti-phospho-Myosin Light Chain 2
(Ser19, Cell Signaling Technology) and Phalloidin (Sigma), respectively.

Images were taken with an ApoTome microscope (Zeiss). Fluorescent images
of pMLC2 and actin staining are the sum of 15 Z projection of different aligned
cells acquired with oil immersion objectives at 100X (NA = 1.4) using the Fiji-

ImageJ software.

Western Blot

Protein extracts from transfected cells were prepared in ice-cold RIPA buffer
(50 mM Tris-HCIl, pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% Sodium
deoxycholate, 1% NP-40, 1mM AEBSF) supplemented with cOmplete™
protease cocktail inhibitor (Roche, Basel, Switzerland), 1 mM PMSF, 2 mM
NasvVO4, and 20 mM B-glycerophosphate. Lysates were cleared by
centrifugation at 1.5 x 10* g for 15 min at 4°C. A total of 30 ug of protein were
resolved on 4-8% SDS-polyacrylamide gels and transferred onto PVDF
membranes (Merck-Millipore, Billerica, MA). Membranes were blocked with 5%
BSA or 10% non-fat dry milk for 1h and incubated with primary antibody
overnight at 4°C. Membranes were revealed with anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) and
Luminata™ HRP substrates (Merck-Millipore) using a C-Digit Scanner (Li-COR

Biosciences). A B-Actin antibody was used as loading control.
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Antibody

Dilution

Blocking

2314, Santa Cruz
Biotechnology)

B actin (sc-1616, Santa Cruz Goat 1:2000 With milk
Biotechnlogy) polyclonal 10%
MYPT1(sc-414261, Santa Mouse 1:500 With milk
Cruz Biotechnology) monoclonal 10%
Phospho-Myosin Light Rabbit 1:1000 With BSA 5%
Chain 2 (Serl9) (Cell polyclonal

Signaling Technology)

Involucrin (Research Mouse 1:500 Without milk
Diagnostics, Flanders NJ) monoclonal

Anti-IG from goat (sc-2020, Donkey 1:2000 1%

Santa Cruz Biotechnology)

Anti-IG from rabbit (sc-2004, Goat 1:2000 1%

Santa Cruz Biotechnology)

Anti-IG from mouse (sc- Donkey 1:1000 1%

Luciferase reporter assay

Cells (2.7X10%) were co-transfected with 20 nM miRNA mimics and 20 ng dual-

luciferase reporter using Invitrogen™ Lipofectamine™ RNAIMAX reagent

(Thermo Fisher Scientific). After 48 hrs, Renilla and Firefly luciferase activities

were determined with the Dual-Luciferase Reporter Assay System (Promega)

following the manufacturer’s instructions, in a Glomax® Multi JR Luminometer

(Promega). Luciferase activity was calculated as Renilla luciferase (hRluc)

activity divided by firefly luciferase (hluc+) activity.
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Differentiation assay in monolayer keratinocytes

Differentiation induction in immortalized human keratinocytes was made by
addition of CaClz (2.5 mM final concentration). Confluent keratinocytes were
maintained 10 days in high-calcium medium. The involucrin protein (a late
differentiation protein), and miR-203 (a differentiated-keratinocyte specific

mMiRNA), were used as differentiation markers.

Skin organotypic cultures

Epidermis reconstruction was performed following a previously standardized
protocol [124] with slight modifications. Briefly, keratinocytes were seeded
inside a Transwell insert (Corning) with polycarbonate membrane (0.4 um pore-
size) and fibroblasts were seeded on the outside bottom and incubated
overnight in KSFM medium supplemented with 5% of FBS. The following day,
the media is changed by DMEM/F12-KSFM high-calcium 1:1 mixture, creating
a liquid-air interface on the polycarbonate membrane. The culture is maintained
for two weeks changing medium every 2 days the first week and daily the
second week. The epidermis was UVC irradiated at 100 J/m?. The cultures
transfected with miRNA mimics followed the lipofection protocol described
above. Total RNA was isolated using TRIzol reagent (Thermo Fischer

Scientific)

Histology

Polycarbonate membranes were recovered from the inserts using a sterile
syringe needle and forceps. Excised membranes were placed on a filter paper
to absorb the liquid medium before embedding in Tissue-Tek® O.C.T.
Compound (Sakura® Finetek). Cryosections of 8 um were obtained with a
cryostat CM1950 (Leica, Wetzlar, Germany) and were used for both

hematoxylin & eosin and immunofluorescence staining.
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Statistical analysis

Statistical analyses were performed with the GraphPad Prism 5 software
(GraphPad Software, San Diego, CA). A Student’s t-test was used for
comparison of two groups and one-way ANOVA with Tukey post-hoc tests
when comparing three or more experimental groups. Statistical significance
was considered at p<0.05 (indicated with *). Results were expressed as a bar
graph of the mean with standard deviation of at least three different
experiments or as a boxplot with whiskers and maximum range (1.5
interquartile) from at least three technical replicates from three different

experiments.

RESULTS

Because of the extension, this work was divided in three parts. In the first part,
miR-143/145 tumor suppressor function was determined in prostate cancer
cells. The second follows a similar flowchart for cervical cancer cells and
additionally MYPT1 was validated as target of miR-145. Finally, miR-143/145
expression was determined in the keratinocyte differentiation, a process

opposite to cancer.

PROSTATE CANCER

mMiR-143/145 overexpression decreases PCa cells growth in 2D and 3D
cultures

To analyze the effect the miR-143/145 cluster on cell viability in a PCa context,
miR-143/145 mimics and LNA miRNA inhibitors were transfected into PC-3
cells, using siRNAs Allstars and CellDeath as negative and positive
transfection controls, respectively. To monitor effect on 2D cell growth, the ATP
levels were detected using bioluminescence as a measure of cell viability. The
cells transfected with the miR-145 mimic showed a significant decrease in cell
viability compared to the negative control (siAllStars). Transfection of miR-143
mimic and both LNA inhibitors (LNA-143-3P and LNA-145-5P) did not produce
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any significant difference. No additive effect was observed when miR-143 and
miR-145 mimics were used in combination (Figure 7A).

Since 3D culture models are more physiologically relevant than monolayer cell
cultures, spheroid growth assays were performed to complement the effect of
mMiR-143/145 on PCa cells viability. As described above, both miRNA mimics
and LNA inhibitors were transfected into PC-3 cells and analyzed for spheroid
growth (Figure 7B). Spheroids transfected with miR-143/145 mimics showed a
significant decrease in size compared with the negative control. MiR-145 had
the highest effect, even higher than miR-143/145 transfected together. As for
monolayer cell cultures, the LNA inhibitors had no significant effect on PC-3
spheroid growth (Figure 7C). Because LNA inhibitors did not induce any
apparent effect on cell growth, only miRNA mimics were used for the further

assays.
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Figure 7. miR-143/145 cluster decrease the viability and growth of
spheroid cultures. A) Fold changes in ATP levels as effect on viability after
overexpressing miR-143/145 mimics and inhibitors (LNAs). B) Contrast
microscopy for spheroid cultures. C) Quantification of spheroid relative area.
NC, negative control. PC, positive control. **p<0.005.

The miR-143/145 cluster inhibits proliferation but does not induce
apoptosis

Transfection of miR-143 and/or miR-145 mimics clearly affect PCa growth;
however, it was not clear if this effect is due to an inhibition of cell proliferation

or apoptosis induction. To understand the nature of this effect, high-content
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screening approaches were performed to analyze cell proliferation in PC-3 cells
transfected with miRNA mimics. EdU incorporation showed a significant
proliferation decrease in presence of miR-145 and miR-143 compared to
negative control. As previously observed, the strongest inhibitory effect after
miR-145 mimic transfection (Figure 8A). Using active Caspase-3/7 for
apoptosis detection, cells transfected with miRNA mimics did not show any
induction of apoptosis compared to the negative control. Moreover, apoptosis
induction decreased in cells transfected with the miRNA mimics, probably
because these miRNAs induced cell cycle arrest without apoptosis induction
(Figure 8B). Thus, the inhibitory growth effect on 2D and 3D cultures likely

resulted from inhibition on cell proliferation instead of apoptosis induction.
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Figure 8. miR-143/145 inhibit proliferation but does not induce apoptosis.
A) Percentage of positive cell for EdU incorporation in the proliferation assay
after 72 h transfection. B) Percentage of CellEvent positive cells in the caspase
3/7 assay after 72 h transfection. NC, negative control. PC, positive control

Transfection of miR143/15 mimics increase pMLC2 levels

It has been reported that miR-143/145 can regulate cytoskeleton dynamics
during muscle injury [82]. Since the actomyosin cytoskeleton activity is crucial
for cell division and migration [135,136], the observed inhibitory effects of miR-
143/145 were analyzed through the phosphorylation of the Myosin Light Chain
(pPMLC), a key post-translational modification for actomyosin contractile activity,
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and ROCK1, one of the direct kinases that act in MLC. The levels of pMLC on
Serl9 were determined by immunoblotting of protein lysates from DU-145, a
PCa cell line, and RPE1, a human retinal pigment epithelial cells, one day after
cell transfection with either miR-143 or miR-145 mimics. Immunoblot assays
showed no effect on ROCKZ1 level of either miR-143 or miR-145. However,
PMLC2 level increased after miR-143/145 mimic transfection, suggesting that
miR-143/145 can modulate the phosphorylation and thus the activity of pMLC2
by targeting one or more effector of the pMLC2 pathway (Figure 9).

DU145 RPE-1
? 2 ? 2
r ¥ o
S E E S E E «oa
ROCKT | w— w— — e s o | 160
1 1.1 1 1 1.1 1
pMLC2 | — — et B
1 27 2.9 1 1.1 15
GAPDH | v s s— --I 37

Figure 9. pMLC2 levels changes after miR-143/145 expression, but not
ROCKL1. Western blotting for prostate cancer cell line DU145 and epithelial
immortalized cell line RPE1 after 24 h transfection with miR-143/145 mimics.
NC, negative control.

pPMLC2 is overexpressed in the cytoskeleton transversal arcs after
transfection with miR-143/145

The role of miR-143/145 on actin organization was further investigated by
monitoring pMLC2 location on actin fibers. The RPEL cells, a widely-used cell
model in cytoskeleton studies [134], were used on circular fibronectin
micropatterns to normalize the cellular shape and actin cytoskeleton

architecture. Cells transfected with the miR-145 mimic showed a higher pMLC2
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fluorescence on the transversal arcs relative to the negative control.
Transfection of miR-143 had a moderate increase on pMLC2 in the transversal
arcs relative to miR-145. It was not possible to quantify the signal due to the

high fibronectin-fluorescence background (Figure 10).

Nucleus Actin pMLC2 Merge

NC

miR-143

miR-145

Figure 10. Cell localization of pMLC2 in the actin cytoskeleton.
Transfected RPE1 cells were attached to circular fibronectin micropattern
slides. Cells were fixed and stained for DNA (blue), F-Actin (green) and pMLC-
2 (red). The image is the projection of the sum of each pixel on Z acquisition.
MiR-145 transfected cells showed more pMLC2 fluorescence in the transversal
arcs compared with the control and miR-143 transfected cells.

CERVICAL CANCER RESULTS

mMiR-143/145 are not expressed in cervical cancer cell lines and

immortalized keratinocytes

As a first approach to further elucidate the role of the miR-143/145 cluster in
cervical cancer, miR-143 and miR-145 expression was analyzed by end-point
RT-PCR using small RNA (<200 nt) isolated from monolayer cultures of the
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cervical cancer cell lines HeLa (HPV18+), CaSki (HPV16+), SiHa (HPV16+)
and C-33A (HPV-) and the non-tumorigenic immortal keratinocytes HaCaT
(HPV-), CX16.2 (HPV16+) and HKc1l6E6/E7-1l (HPV16+), using normal
foreskin RNA as positive control for miR-143/145 expression. The U6 snRNA
was used as load control. No expression of either miR-143 or miR-145 was
detected in any of the cell lines tested although both miRNAs were expressed
in RNA extracted from neonatal foreskins, suggesting that the miR-143/145
cluster is not constitutively expressed in the cell lines used in this study (Figure
11A). Expression of miR-143 and miR-145 was restored in HelLa cells by
transfection of mMiIRNA mimics to test their function on a cervical cancer cell line
able to form 3D spheroids [137], a cell culture technique that provides a more
physiological model to mimic in vivo tumor conditions. Both miRNA mimics
showed efficient transfection although miR-143 was detected with 5-fold higher
intensity than miR-145 (Figure 11B).
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Figure 11. miR-143/145 is not expressed in cervical cancer cell lines and
immortalized keratinocytes. A) Endogenous levels of miR-143/145 were
determined RT-PCR in different cervical cancer cell lines (HeLa, SiHa, CaSki,
C33-A) and immortalized keratinocytes (HaCaT, HKc16 E6/E7 Il, CX16.2). Rat
lung RNA worked as positive control and small nuclear U6 was used as
reference gene. NTC, non-template control; bp, base pairs. B) HelLa cells were
transfected with miR-143 and miR-145 mimic respectively and the expression
was determined by RT-gPCR. *p<0.05

Overexpression of miR-143/145 decreases spheroid culture viability and

impairs anchorage-independent growth

Because 3D cell cultures provide a more relevant model to mimic physiological
tumor conditions, miR-143 or miR-145 mimics were transfected in 3D spheroid
cultures of HelLa cells to evaluate the effect of the miR-143/145 cluster in 3D
growth. A scrambled miRNA mimic was used as negative control (NC).

Transfection with miR-145 mimic severely affected spheroid size (35% smaller
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than NC) and morphology suggesting cell death, although miR-143 mimic
transfection produced no statistically significant effect (Figure 12A).

To evaluate cell death, viability assays based on membrane integrity were
performed with SYTOX Green/Hoechst 33342 on Hela spheroid cultures
transfected with miRNA mimics. Both miR-143 and miR-145 mimics produced
a significant decrease in viability (30 and 60% less than NC, respectively)
further suggesting that the miR-143/145 cluster expression may induce cell
death with miR-145 producing the strongest effect (Figure 12B).

In addition to cell death, inhibition of proliferation can also affect 3D growth.
Soft agar colony formation assays were performed to further explore the ability
of miR143/145-transfected single cells to proliferate and form anchorage-
independent colonies relative to the NC. Only HelLa cells transfected with the
miR-145 mimic showed a significant reduction of 60% in colony size compared
with the NC. No morphological difference was noticed in these assays as the
mechanical restraint produced by the soft agar limits colony shape.
Transfection of the miR-143 mimic did not produce a statistically significant
effect on the colony size of HeLa cells (Figure 12C). These results suggest that
although both miR-143 and miR-145 affect cell viability on 3D cultures, they
follow different regulatory pathways with miR-145 producing a strong inhibitory

effect on 3D cell proliferation and viability.
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Figure 12. The miR-143/145 cluster decreases viability in 3D spheroid
cultures and impairs colony formation. A) Left panel, HeLa cells were
transfected with NC, miR-143 or miR-145 mimics. Spheroid cultures were
grown by 7 days before size quantification. Data are represented as a boxplot
of at least three technical replicates of three different experiments (*p<0.05).
Outliers are depicted as points beyond whiskers. Right panel, a representative
image of HelLa spheroids after transfection with NC, miR-143 or miR-145
mimics. Scale bar= 500 um. B) The viability of HelLa spheroids after
transfection with NC, miR-143 or miR-145 mimics. Right panel, transfected
spheroids were stained with SYTOX Green (green) and Hoechst 33342 (blue)
to quantify cell viability. Left panel, the box plot represents the quartiles
distribution of the difference between blue cells minus green cells (Cell viability)
from three independent experiments (*p<0.05). Scale bar= 500 um. C) Soft
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agar colony formation inhibition by miR-145. Hela cells transfected with NC,
miR-143 or miR-145 mimics were grown in soft agar for 12 days. Left panel,
the box plot represents quartiles distribution of the relative colony area of at
least five colonies of three independent experiments (*p<0.05). Right panel, a
representative brightfield image of HeLa colonies transfected with the NC, miR-
143 or miR-145 mimics. Scale bar=500 pm.

Selective inhibition of cell migration and invasion by the miR-143/145
cluster

The effect of miR-143 and miR-145 on cell migration was analyzed by
stimulation of cell movement through porous membranes in transwell inserts.
Hela cells transfected with the miR-145 mimic exhibited a significant inhibition
of 35% on cell migration relative to the NC, while transfection with the miR-143
mimic showed no significant effect (Figure 13A). Furthermore, invasion assays
using HelLa spheroids transfected with miR-143 or miR-145 mimics presented
a significant decrease (>50%) on invasion area compared to the NC,
suggesting that the miR-143/145 cluster may play a role in the control of cell
migration and invasion (Figure 13B).
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Figure 13. Selective inhibition of cell migration and invasion by the miR-
143/145 cluster. A) Transwell migration assays were performed using HelLa
cells transfected with NC, miR-143 or miR-145 mimics. The plot represents the
mean and standard deviation of the relative migration from three independent
experiments. The inset below shows an image of the bottom side of the insert
from a representative migration assay stained with crystal violet. B) HelLa
spheroids cell invasion assays. 3D spheroids transfected with NC, miR-143 or
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miR-145 mimics were embedded in Matrigel and allowed to invade for 48 hrs.
The plot shows the mean invasion area (dashed lines on the insets) and
standard deviation of three independent experiments (*p<0.05). The inset
shows a brightfield image of a representative experiment. Scale bar= 500 um.

PMLC levels are increased by miR-145

It has been reported that miR-143/145 can regulate cytoskeleton dynamics
during muscle injury [82]. Since the actomyosin cytoskeleton activity is crucial
for cell division and migration [135,136], the observed inhibitory effects of miR-
143/145 on cell viability, migration and invasion were analyzed through the
phosphorylation of the Myosin Light Chain (pMLC), a key post-translational
modification for actomyosin contractile activity. The levels of pMLC on Serl9
were determined by immunoblotting of protein lysates from HelLa cells one day
after cell transfection with either miR-143 or miR-145 mimics. Transfection of
miR-145 produced a significant 2-fold increase of pMLC levels compared to the
NC. On the contrary, no significant difference was observed between miR-143
transfected cells and the NC (Figure 14A). The increase in pMLC levels was
further corroborated by immunofluorescence, where miR-145 transfected cells
showed higher fluorescence signal for pMLC as well as thicker actin bundles
(white arrows, Figure 14B). The increase of pMLC in response to miR-145
could be explained due to the silencing of a negative regulator (i.e. a

phosphatase or a kinase inhibitor).
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Figure 14. Phospho-Myosin light chain (pMLC) levels are increased by
mMiR-145 but not by miR-143. A) Left panel: immunoblot for pMLC with protein
extracts from HelLa cells transfected with NC, miR-143 or miR-145 mimics. -
actin was used as a load control. Right panel: densitometric analysis of pMLC
immunoblots of HelLa cells transfected with NC, miR-143 or miR-145 mimics.
The plot represents the mean pMLC expression relative to $-actin from three
independent experiments. (*p<0.05). B) Immunofluorescence for actin (green)
and pMLC (red) in transfected Hela cells.

Myosin Phosphatase is a target of miR-145

To elucidate the role of miR-145 on pMLC up-regulation, a TargetScan search

for miR-145 target sequences (http://www.targetscan.org/vert 71/) was

performed to select transcripts involved in MLC phosphorylation. Although
gene transcripts such as ROCK1, PAK1 and MYLK3 had putative target sites
for miR-145, these kinase mRNAs wound not explain the observed increase in

pMLC by miR-145 inhibitory regulation, contrary to the MYPT1 transcript, a
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subunit of the phosphatase involved in the negative regulation of MLC, that
contains also a potential miR-145 target site within the 3’-UTR.
Dual-luciferase reporters containing the wild-type or an inactive miR-145
mutant target site in MYPT1 were produced and co-transfected in HelLa
monolayer cultures with NC or miR-145 mimics (Figure 15A). Co-transfection
with miR-145 produced a significant inhibition of 30% in luciferase activity in
the reporter containing the wild-type target sequence compared with the NC,
suggesting a direct regulation of MYPT1 by miR-145 (Figure 15B). This
inhibition was completely abolished by mutation of the miR-145 target
sequence (Figure 15B), confirming the seed sequence specificity of this
inhibition.
A)
wild type MYPT1 3'UTR 5' GACCAUAAUUGGCAGUCACUGGAA

NN A
hsa-miR-145 3' UCCCUAAGGACCCUU -UUGACCUG

RN N I
mutant MYPT1 3'UTR 5' GACCAUAAUUGGCAGUCACGCUAA
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Figure 15. Myosin phosphatase target subunit 1 (MYPT1) is targeted by
miR-145. A) The target sequence for miR-145 within the MYPT1 3’-UTR (upper
sequence). A three-base mutation (mutant MYPT1) on the MYPT1 miR-145
target site was produced as a negative control (lower sequence). Lines indicate
Watson Crick pairings of miR-145 (middle sequence) with the MYPT1 target
site. Dotted lines represent non-Watson Crick pairing. B) HeLa cells were co-
transfected with NC or miR-145 mimics and a dual-Luciferase expression
vector containing either the wild-type or mutant miR-145 site on MYPT1. RLUs,
Relative Lights Units of three independent experiments.

48



Moreover, transfection of the miR-145 mimic downregulated MYPT1 protein
levels relative to the NC, although it did not affect the MYPT1 mRNA content
(Figure 16A), suggesting that miR-145 may mediate MYPTL1 translational

repression but not RNA degradation.

I\/I_YPTl_ knockdown increases pMLC levels and reduces viability and cell
migration

Further support for the miR-145 suppressive effects through MYPT1
downregulation was obtained by reproducing MYPT1 silencing by siRNAs.
HelLa cells transfected with a MYPT1-specific SiRNA (SiMYPTL1) significantly
decreased over 80% MYPTL1 protein levels compared to cells transfected with
a scrambled siRNA negative control (siControl) (Figure 16B, left panel). In
addition, as with miR-145, cells transfected with siMYPT increased 2.4-fold
pPMLC levels relative to siControl, thus confirming the regulatory pathway miR-
145-MYPT-pMLC (Figure 16B, right panel).
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Figure 16. MYPTL1 silencing increases pMLC expression. A) Transfection
of miR-145 decreases MYPT1 protein levels but not mRNA levels. Monolayer
cultures of HelLa cells were transfected with NC or miR-145 mimics. MYPT1
expression levels were determined by RT-gPCR (left panel) and
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immunoblotting (right panel). U6 snRNA and B-actin were used as load controls
for RNA and protein assays, respectively. The inset is a representative
immunoblot of the MYPT1 content in miR-145-transfected HelLa cells. The plots
represent the mean and standard deviation of three independent experiments.
B) The siRNA-mediated silencing of MYPT1 increases pMLC expression. HeLa
cells were transfected with a MYPT1 siRNA (siMYPT1) or a scrambled siRNA
negative control (siControl). The levels of MYPT1 (left panel) or pMLC (right
panel) were determined by immunoblotting. B-actin was used as loading
control. The insets are representative immunoblots of the MYPT1 or pMLC
content. The plots represent the mean and standard deviation of three
independent experiments.

Evaluation of the cell response to MYPT1 silencing by siRNAs on HeLa cells
produced similar results to those observed for miR-145. Transfection of
siMYPT (but not siControl) significantly decreased spheroid viability (Figure
17A) and inhibited cell migration and invasion (Figure 17B). Additionally, cells
transfected with siMYPT had high levels of pMLC and, as miR-145 transfected
cells, thicker actin bundles (white arrows, Figure 17C). Therefore,
downregulation of MYPT1 by miR-145 increased pMLC levels negatively
affecting cell viability/migration/invasion, suggesting a regulatory role on pMLC
levels of miR-145 by directly targeting of MYPT1.
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Figure 17. The siRNA-mediated silencing of MYPT1 reproduces miR-145
effects. HelLa cells were transfected with siControl or sSIMYPT1 siRNAs. A)
Spheroid cultures were grown by 7 days and stained with SYTOX Green
(green) and Hoechst 33342S (blue) to quantify cell viability (Left panel). Scale
bar= 500 um. Fluorescence quantification is represented as a distribution of
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quartiles of the cell viability from three independent experiments (*p<0.05)
(Right panel). B) HelLa cells were transfected with siControl or siMYPT1
siRNAs and used for transwell migration assays (Left panel) or 3D spheroid
cell invasion assays (Right panel). The plots show the mean relative migration
or invasion area and standard deviation of three independent experiments
(*p<0.05), respectively. The inset below shows an image from a representative
migration assay stained with crystal violet (left) and a brightfield micrograph of
a representative invasion experiment (right). Scale bar= 500 um. C) Actin and
pPMLC2 immunofluorescence of HelLa cells transfected with siControl or
SIMYPT.

EXPRESSION OF MIR-143/145 IN KERATINOCYTE DIFFERENTIATION

The miR-143/145 cluster is not expressed in monolayer differentiated

keratinocytes

Previously, we observed that miR-143/145 is not expressed in non-
differentiated immortalized keratinocytes. Since the miR-143/145 cluster has
been implicated in differentiation [65,66], the expression of these miRNAs in
keratinocyte differentiation was further investigated. After 10 days of
differentiation induction by calcium, the keratinocytes showed a flattened
morphology, a characteristic of differentiated keratinocytes (Figure 18A). In
addition, involucrin (a keratinocyte late differentiation marker [138]), was
strongly expressed in calcium differentiated keratinocytes in contrast with non-
differentiated cells (Figure 18B), thus confirming that HaCaT and HKc16E6/E7-
Il immortal keratinocytes were terminally differentiated. No miR-143/145
expression was detected by RT-gPCR in both non-differentiated and
differentiated keratinocytes although miR-203 (a keratinocyte differentiation

mMiRNA marker [139]) was clearly detected in keratinocyte samples.
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Figure 18. miR-13/145 is not expressed in differentiated immortalized
keratinocytes. HaCaT and HKcl16EG6/E7-Il keratinocytes were differentiated
by 2.5 mM calcium chloride. A) Phase-contrast micrograph of immortalized
keratinocytes before and after calcium-induced differentiation. B)
Representative immunoblot for involucrin, a late differentiation marker for
keratinocytes. C) Relative expression for miR-143 and miR-145 in non-
differentiated and differentiated immortalized keratinocytes. miR-203 was used
as keratinocyte differentiation miRNA marker. RNU6 was used as reference
gene.

mMiR-143/145 are expressed in epidermis but the expression is lost in

primary monolayer keratinocytes cultures

Although miR-143/145 expression has been reported in stratified epithelia like
skin or cervix [140], the lack of expression in immortalized keratinocytes could

be explained by two possibilities: miR-143/145 is expressed only in stromal
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tissue like in intestine [141] or miR-143/145 is under regulation by cellular
factors (i.e. native p53) which is mutated in HaCat cells [142] or inhibited by
HPV proteins in HKc16E6/E7-11 [143]. To elucidate this, foreskin samples were
parted in dermis, (fibroblast-enriched) and epidermis (keratinocyte-enriched)
portions, and miR-143/145 levels were determined by RT-qPCR. Both foreskin
portions expressed miR-143/145, suggesting that these mMIiRNAs are
expressed both in fibroblasts and keratinocytes (Figure 19A). However, miR-
143/145 was not detected in isolated primary human foreskin keratinocytes
(HFK), showing again that HFK do not express miR-143/145 even if
differentiated (Figure 19B). In contrast, primary human foreskin fibroblasts
(HFF) expressed both miR-143 and miR-145 (Figure 19C). The differential
miR-143/145 expression pattern between foreskin epidermis and HFK
suggested that keratinocytes may require further stimuli to express miR-
143/145.
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was used as keratinocyte differentiation marker. RNU6 was used as reference
gene.

mMiR-143/145 are expressed in 3D stratified keratinocytes cultures

To determine if stratified keratinocytes express miR-143/145, co-cultures of
HaCaT Reconstructed Epidermis (HRE) and HFF we performed, obtaining a
skin organotypic culture. Following De Vuyst modified protocol [124], stratified
HRE were H&E stained to confirm stratification (Figure 20A) and subjected to
cytokeratin K10 and involucrin immunofluorescence established differentiation
(Figure 20B). Expression of miR-143/145 was later determined in HRE and
HFF by end-point RT-PCR, showing that keratinocytes express both miRNAs
when they are stratified (Figure 20C).
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used as keratinocyte-specific miRNA marker and RNU6 was used as reference
gene. NTC, non-template control.
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miR-145 expression is responsive to UV irradiation in 3D stratified

keratinocytes cultures (Preliminary Results)

Additionally, miR-143/145 has been implicated in wound healing in epithelial
tissues like intestine [141]. We focused on miR-145 expression because it has
a stronger tumor suppressor activity compared to miR-143 (see above). To
create a wound-like in skin organotypic cultures and evaluate miR-145
expression in both epidermis and dermal fibroblasts, skin organotypic cultures
were transfected with miRNA negative control (NC), miR-145 mimic or miR-
145 inhibitor and HREs were irradiated with 100J/m? of UVC light (an irradiation
level that leads to sunburn in human skin [144]), to simulate a wound healing
process. In all transfections, UVC-irradiated HREs expressed higher miR-145
levels than non-irradiated cultures (Figure 21A). However, HREs transfected
with miR-145 enhanced expression after being UVC irradiated. Expression of
miR-145 in co-cultured fibroblasts was also determined, observing a similar
effect than in HREs, where fibroblasts co-cultured with irradiated HRE showed
higher miR-145 expression. Fibroblasts transfected with miR-145 inhibitors did
not recover expression even when they were co-cultured with irradiated HRE
(Figure 22B). Furthermore, miR-145 expression in response to UVC irradiation
was time-lapse evaluated in HRE and fibroblasts. The first expression peak
was observed in HRE 12 h after irradiation and subsequently fibroblasts
showed an expression peak 24 h after irradiation (Figure 23B), indicating that
miR-145 is expressed in time-dependent manner after irradiation in a wound

healing process.
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DISCUSSION

Prostate Cancer

Dysregulation of the miR-143/145 cluster is involved in many pathologies
including cancer, where it can modulate tumor progression. Downregulation of
miR-143/145 has been recently reported in PCa tissue samples and cell lines,
suggesting a tumor suppressor role [145-148]. In this report, miR-143/145
significantly decreased cell growth of PCa cells in a 2D cell model. This effect
was not limited to 2D growth but also showed a strong effect on 3D spheroid
growth resulted from transfection of miR-143 and miR-145 mimics. Although
transfection of miR-143 or miR-145 mimics alone showed significant spheroid
growth inhibition, co-transfection of the combined miR-143/145 mimics did not
prove additive nor synergic effect in our PCa model, in contrast to previous
reports in bladder and breast cancer [149,150]. Inhibition on 2D and 3D growth
may be related to proliferation inhibition rather than apoptosis activation as
shown by the DNA synthesis inhibition experiments without apoptosis
induction. Moreover, miR-143/145 prevented apoptosis probably because
most cells were arrested in G1-GO [80]. In addition, it has been reported that
miR-143 can increase cell death without affecting apoptosis rate [79],
suggesting that a different cell death pathway could be induced by miR-

143/145, such as necrosis or autophagy.

To date, miR-143/145 has been shown to affect processes such proliferation
and migration of PCa cells through targets such as ERK5, KRAS, FSCN1 and
GLOM1 [79,80,151,152]. Here, the miR-143/145 cluster increased pMLC2
levels at serine 19. This phosphorylation is important for processes such as cell
cycle and motility, crucial events for tumor progression. For example, it has
been demonstrated that a pMLC2 deficiency in wide range of cancer cells
causes cytokinesis failure leading to multinucleation and multipolar mitosis
[101]. Furthermore, pMLC2 is increased in PCa cells due to MLC phosphatase
(MLCP) inhibition, reducing growth rate and DNA synthesis with an induction
of G2/M cell cycle arrest and chemotaxis inhibition [99].
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After miR-143/145 overexpression, pMLC2 accumulated at the actin
transversal arcs, the main stress fiber responsible of the contractile force [153].
Moreover, pMLC activation in the transversal arcs is critically important for the
assembly and integrity of the all actin system [89]. Therefore, it is possible that
disruption of the pMLC turnover could affect processes related to the
cytoskeleton function, such as cell division and motility. Indeed, MLC activity is
regulated in a spatiotemporal fashion by multiple kinases and a single
phosphatase. Several molecules of this network (ROCK; MLCK; PAK; MYPT1
and PP1) contain at least a putative target site for miR-143/145 according to a
previous search using mirWalk 2.0 database [154]. Although previous reports
describe  ROCK1 as a miR-145 target in hepatocellular carcinoma,
osteosarcoma and breast cancer (Ding et al., 2015; Lei et al., 2014; Zheng,
Sun, Li, & Zuo, 2015), no changes in ROCK1 levels were observed in miR-
143/145 expressing PCa cells. It is not clear if this difference could be due to
the different cellular context. MLCP is overexpressed in PCa [99] and MLCP
inhibition blocks turnover of focal adhesion decreasing cell migration [159] and
during the cytokinesis. Additionally, MLCP depletion avoids the contractile ring
disassembly leading to an increase in multinuclear cells [94]. Further
experiments are needed to validate all the targets implicated in the pMLC2

increase.

In summary, the present work reports the growth suppressor role of miR-
143/145 tumor suppressor role in a PCa 3D spheroid model. This miRNA
cluster decreased spheroid growth affecting cell proliferation without apoptosis
induction. Moreover, miR-143/145 overexpression can increase the levels of
the cytoskeleton regulator pMLC2, affecting its dynamic state between
phosphorylation and dephosphorylation, a crucial modulation for processes

such as proliferation.
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Cervical cancer

The miR-143/145 cluster is downregulated in a wide range of tumors, including
cervical cancer [160]. The results presented here show that miR-143/145 is not
constitutively expressed in several cervical cell lines, including tumor lines,
reinforcing the hypothesis that this miRNA cluster function as a tumor
suppressor. Although miR-143/145 expression is downregulated only in
advanced stages of cervical cancer [125,161], no expression was observed in
HPV non-tumorigenic immortalized keratinocytes. Other report showed miR-
143/145 expression in normal cervical tissue but not in isolated cells from
cervical intraepithelial neoplasia biopsies and cervical cancer cell lines [75],
suggesting that miR-143/145 expression could be under the regulation of
cellular proteins (i.e. p53), that are inhibited by HPV oncogenes [143].

The potential tumor suppressor role of the miR-143/145 cluster has been
widely reported [For a review see 17]. Concurrently, the present data confirm
miR-143/145 as tumor suppressors in cervical cells, with miR-145 as the main
effector. In 3D spheroid cultures, both miR-143 and miR-145 decreased
membrane integrity, suggesting that they induce cell death (likely by apoptosis
induction), as previous reports showed for monolayer cervical cultures
[163,164], with a stronger effect by miR-145 [165]. Moreover, colony growth in
soft agar was inhibited only by miR-145, suggesting inhibition of proliferation.
Therefore, the miR-143/145 cluster targets different and independent tumor
suppressor pathways. Although some authors have reported the inhibition of
proliferation by miR-143 in cervical cancer cells, they actually performed
metabolic viability assays instead of proliferation assays [163,165]. The null
effect in 3D proliferation by miR-143 and the relatively small effect in cell
viability could explain the lack of suppressive effect on the 3D spheroid growth
contrary to miR-145, which decreased both cell viability and proliferation in soft
agar, thereby showing a strong effect on spheroid growth and morphology.
Cell migration was inhibited in monolayer cultures by miR-145 but not by miR-
143, as previously observed in cervical cancer cell lines [164,166]. However,

invasion in 3D spheroid HelLa cultures was inhibited by both miR-143 and miR-
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145, further confirming that the regulatory pathways targeted by miR-143 and
miR-145 are different and independent, with miR-145 as a more potent tumor
suppressor [166,167]. This is in agreement with bioinformatic analyses
showing miR-145, but no miR-143, as a potential prognostic predictor for
cervical cancer patients [168].

The miR-143/145 cluster has been studied in several diseases and conditions,
such as vascular injury, where these miRNAs modulate cytoskeletal dynamics
[82]. The cytoskeletal remodeling and dynamics are crucial for processes
related to cancer progression, such as cell division and migration [135,136].
Levels of pMLC, which regulates the cytoskeleton contraction and
reorganization [169], were higher in cells transfected with miR-145 compared
to negative control (NC) and miR-143 transfections. An increase in pMLC levels
and activity are essential to induce membrane blebbing and permeabilization
during apoptosis [102,170]. In addition, low pMLC levels are associated with
cancer tissues and cells (including cervical cancer) compared to their normal
counterparts [171]. Moreover, a deficiency in pMLC has been related to
cytokinesis failure in several cancer cell lines, including HeLa [172]. An
increase in pMLC can be explained by either an increase in kinase activity or
by an inhibition of phosphatase activity. Since miRNAs are usually translational
silencers, the effect of miR-145 on myosin phosphatase, the only one known
phosphatase for myosin, was tested as its binging subunit (MYPT1) contains a
putative miR-145 target site at the 3"-UTR. The validation of MYPT1 as a miR-
145 target suggests a direct regulatory association between miR-145 and
MYPT1, which results in the downregulation of MYPT1 at the translational
level. Therefore, such association will result in the inhibition of cell viability,
migration, and invasion as shown with siRNA-directed MYPT1 silencing.
Previous reports have shown an increase in MYPTL1 levels in several tumor
cells compared to non-tumorigenic cells and an inhibition of its activity had
tumor suppressive effects such as decrease in proliferation, cell-cycle arrest,
chemotherapy sensitivity, reduction of multipolar mitosis and inhibition of
migration by regulation of pMLC and actin assembly [99,172,173]. In addition,
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other targets of miR-145 could be involved in the up-regulation of pMLC, such
as PAK1, a negative regulator of MLCK [174], which has been validated as a
miR-145 target with implications on invasion of bladder cancer cells [175].

In conclusion, high levels of pMLC are achieved through miR-145 silencing of
MYPT1, a novel target with deep implications in the viability, migration and
invasion in cervical tumor cells. Further cytoskeleton rearrangement evaluation
(i.e. by immunofluorescence based on cell micropatterning) may be required to

fully corroborate the MYPT1 role in cervical cancer.

Expression of mir-143/145 in Keratinocyte Differentiation

miR-143/145 expression was observed in stratified epidermis, contrary to
monolayer cultures, suggesting that these miRNAs are expressed in terminal
keratinocyte differentiation [118]. The function of miR-143/145 in differentiation
has been largely described in several tissues [169,170], mainly through
targeting pluripotency factors like KLF4, OCT4 and SOX2 [65], hence being
crucial for proliferation-differentiation homeostasis. Disruption of this balance
may lead to cancer progression or other diseases. Further experiments like in
situ hybridization are needed to precisely locate expression of miR-143/145
through the different layers of the epidermis.

Although miR-143/145 expression increased during keratinocyte stratification,
this expression would be dispensable because transgenic mice lacking these
mMiRNAs were viable and fertile and did not show developmental macroscopic
defects [82,178]. Nevertheless, these mice failed to heal after vascular or
intestinal injury [82,141]. With this perspective, HaCaT epidermis transiently
expressing miR-145 mimics or inhibitors were UVC-irradiated to create
“sunburn” wounds [179] and evaluate the miR-145 expression in a skin-like
healing process. In the first hours, damaged keratinocytes produce signaling
molecules, mainly proinflammatory cytokines IL-1 and TNF-a, that act in an
autocrine and paracrine fashion, resulting in pleiotropic effects on multiple cells
[180]. These cytokines increase keratinocyte migration and proliferation and
will activate fibroblasts, increasing secretion of both keratinocyte and fibroblast
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growth factors. After a confluent layer of keratinocytes covers the wound, the
cells will form a multi-layered stratified epithelium triggered and matured by
other important signaling molecule: TGF-B [181]. Thus, the increase in miR-
145 expression in epidermis after 12 h of irradiation could be associated to
autocrine TGF-B activity, a well-known miR-145 inductor in skin scarring [182],
thus triggering the differentiation of the migrated and proliferated keratinocytes.
This is reinforced by the increase of miR-203 expression, a keratinocyte
differentiation marker with high levels of expression in wounds [183].

In addition, TGF-B activates fibroblasts differentiation into myofibroblasts
trough miR-145 induction [184], likely in a paracrine fashion by TGF-B, thus
explaining the expression peak of miR-145 in keratinocytes and subsequently
in fibroblasts. The myofibroblasts activation, characterized by a-smooth muscle
actin (a-SMA) expression, is crucial for scarring because they secrete a
sophisticated ECM and matrix metalloproteinases facilitating wound closure
[185]. Inhibition of miR-145 in fibroblasts results in lack of activation by TGF-f3,
affecting migration and contraction and probably impairing wound healing
[182,184]. Additionally, miR-145 inhibition in fibroblasts leads to mesenchymal-
epithelial transition, thus enhancing the reprogramming efficiency to induced
pluripotent stem cell [186].

In summary, the function of miR-145 is key for the skin homeostasis likely to
regulation of proliferation-differentiation balance by targeting pluripotency
factors and growth factors as TGF-B. This function has implications not only in
wound healing, but also cancer progression where the differentiation is lost and
proliferation is extended and aberrant.

This work gives a new perspectivity about the miR-145 function in tissue
homeostasis, relating opposite process: cancer and differentiation. In cancer
cells miR-145 is downregulated and when it is restored, miR-145 function as a
strong tumor suppressor by regulating MYPTL1. Therefore, miR-145 represents
a potential biomarker and therapeutic miRNA for cervical and prostate cancer.
Unlike cancer, miR-145 is only expressed in stratified keratinocytes and

expression increase after wound, suggesting an important role of miR-145
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during the keratinocyte differentiation as well as in healing process. This shows
the relevance of 3D models in miIRNA expression and furthermore, it may have

deep implications in skin wound cares and healing scarring.
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CONCLUSIONS

mMiR-143/145 has tumor suppressive effects in viability, proliferation,

migration and invasion in both prostate cancer and cervical cancer.

miR-145 showed the strongest effect

miR-143/145 do not induce apoptosis in prostate cancer. However, the
results with spheroids cultures of cervical cancer cells suggest that
exists an induction of cell death

miR-145 increased pMLC levels in prostate and cervical cancer cell,
producing thicker actin bundles

MYPT1, a MLCP subunit, is targeted by miR145

MYPTL1 silencing reproduced the miR-145 effects in viability, migration
and invasion, thus suggesting that miR-145 act as a tumor suppressor
gene through regulation of MYPT1 (MLCP) and the subsequent
modulation of pMLC.

miR-143/145 is not expressed in monolayer differentiated
keratinocytes but is in 3D stratified keratinocytes

miR-145 expression in epidermis is responsive to UVC irradiation and

subsequently fibroblasts responds also increasing miR-145
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PERSPECTIVES

« Determine the kind of cell death by miR-143/145 in cervical cancer cells

« Analyze the effect of miR-145 in the cytoskeleton remodeling using
immunofluorescence based on cell micropatterning

* Perform in situ hybridization of skin samples to analyze miR-143/145
expression

* Analyze the role of HPV genes on miR-145 expression and how affect
its response to UVC irradiation in skin organotypic cultures of HPV
immortalized keratinocytes in normal and UVC conditions

» Determine which are the responsible keratinocyte cytokines and growth
factors, especially TGF- B, that increase the expression of miR-145 in
fibroblasts

« Validate the fibroblast differentiation monitoring a-SMA expression

« Perform (burn) wound healing assay with 3D cultures or animal models

null or enhanced for miR-145 expression
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whain (pMLC)L Hela monolayer and tridimendional cultures were transle cled with mik- 143 or miR-145

miimics inhibiting cell viability, proliferation migration and invasion, mainly through miR-145_ MiR-

’f’m 15 transfedion increxsed pMLC levels by targeting the MYPT1 subunit of the regulatory nmssin
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1. Introduction migration |10). Phosphorylaton of MLC is dynamically coondinated

MicroRMAs (miRNAzs) are small non-coding RMAs which post-
ranscriptionally regulate the expression of mRMAs con@ining
complementary sequences [1]. Disruption of mikMA function has
been widely meported in cancer, including cervical camcer [2].
Furthermore, high-risk hurman papillomavins (HPV), a major risk
factor for cervical cancer |3), can modulate expression of host
miRMAs to contml the viml life gpcle [4).

The mik-143] 15 cluster is a bicistonic ranscript located at
chmomosome 5g33.1 [5]. Both miR-143 and miR-145 have been
reported as the main down-regulated miRNAs in cervical cancer
turnars [6]. In addition, these miRMAs are important for remodeling
the actormyasin cytoskeleton [7], which comprizes gobular actin
and the molecular motor myosin that is actively reorganized during
several processes such as cell division, apoptosis and cell motility
|&). Phosphorylation of the myosin light chain (pMLC) at Ser19
regulates bath myosin motor activity and filament assemnbly [9]).
The mechanical forces driven by ryosin activity play a key role in
the regulation of cell proliferation. apoptosis, adhesion and

* Correspanding authar.
E-mail sddres: lahvare@ameestaems (LW Alvarez-Salx])

https: (dalong 101016/ bhro 20me 11039
O006-291%6 2018 Elsevier Inc All rights reserved

by twa groups of enzymes: one consists of several protein kinases
(including MLCK and ROCK) and the other represented by the
rmyosin phosphatase (MP) | 11). MP contains three subunits: the
type 1 protein phosphatase catalytic subunit (FP1), the myosin
phosphatase target subunit (MYPFT1) and a small subunit of un-
known function [12] MP is upremlated in prostate, breast and
bone tumars [13,14] Maoreover, pMLC levels are low in cancer cell
lines compared to no-umaorigenic cells due to an overexpression of
MP resulting in cytokinesis failures [15].

In the presentwork, actomyosin regulation by miR-143145 was
investigated in Hela cells, focusing on the pMLE levels.

2. Materials and methods
21 Plosmids and ohgonucleondes

All aligndeciynuclectides were purchased from T4 alig® (Ira-
puato, Mexico). The sequences for hsa-miR-143-3p primers were
hased on previous reports | 16). All RT-gPCR. primer sequences were
listed in Tahle 1.

The miR-145 wild-type target sequence in pppiriZa (MYPT1)
manscript (5-CTOGAGGACC ATAATTG GLAGTCACTGGAAGOG GOOGC-
%) was predicted using the Targetican.org softeare [17] and a triple
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Table 1
Primers used for miR-143, mik-145, PPPIR1ZA and L6 ET-gFCR
Primer Sequence
mik-143-3p KT T AT O AT O TR T LA TG CCAA TTCCACTLLATACLACTL ALCTAT
miR-143-3p Forward S ACTEOE TETOCTREALTY
miR-143-3p Reverss S LOTLACATLAALC AL TLTE
mik-145-5p KT ST T AT AT A LT O ALCTATTOLC AT RCATADCACA LA T
mik-145-5p Forwvard FANIRCACTOCACTTITIC O
miR-145-5p Reverss ST AL LCUTOOL ALY

SnENA L& RT

snRNA L& Forward
SNEMA L Reverse
PPP1R12A Farward
PPP1RIZA Reverse

S AAAMTATOCAATLCTICALAATITLY
SO COMOLLOAGCACATATALTY
FALCTTOAVCAATITROLTGTC
AL CCATEAACA TGS
STICALCTTOCTC TIOR3

mutant at the seed sequence was designed as a control (5-
CTOGAGGACCATAATTGGCAGT CACGTCAAGOGGOOGC-3").  Both  se-
quences were cloned into the dualreporter psiCHECKR wvector
({ Promiega, Madison, W1

The synthetic miR-143-3p/145-5p mimics and the scrambled
miRMA negative contral (MC) were purchased from Ambion®
{Thermao Fsher Scientfic Inc., Walthamn, MA)L MYPT1 and Allstars-
Megative Control siRMAs were purchased from Santa Cruz
Biotechnology (Dallas, TX) and QIAGEN (Venio, The Netherlands),
respectivehy.

22 RTgPCR assays

The relative quantification of mikMNAs was made by tero-step RT-
qPCR. Eriefly, small RMA (<200 nuclectides) was purified from
manolayer cultures using the Quick-RMA™ miniprep kit (Zymo
Research, Irvine, CA). Retro-transcription was made using Invi-
trogen™ Supersoript 1 {Thermao Fsher Scientific) and the quanti-
fication was performed with MAXIMA SYBR Green Master Mix
{ Therma Fsher Scientific) in a Rotor Gene-3000 (Corbett Research,
Anstralia). BNA from foreskins was used as positive control for miR-
143 /M5 The Ub snRNA (ENUG-1 ) was used as reference control
Relative gene gquantification was estimated by the *CT [18]. The
end-point PCR products were analyzed by native PAGE B

23, Cell culure

The cervical cancer cell lines Hela (ATCC® CCL-2™), SiHa (ATCC®
HTB-35™), Ca%ki (ATCC® CRL-1550"™) and C-33A (ATCC® HTB-11™)
were grown in GIBCO™ DMEM medium (Thermao Fischer Scientific)
supplemented with 5% GIBCO™ fetal bovine serum { FBS] (Thermo
Fisher Scientific), 1% strepbormycin/ penicillin (GE Healthcare, Pis-
cataway M) and 10 pg/ml Gentamicin (Thermo Fisher Scentific).
The spontanecusly immaortalized keratinocytes HaCaT [19], HPV16-
immortalized keratinocytes HKc16E6ET-11 [20] and Cx162 [21]
were cltured in GIBCO™ keratinocyte semim-free  medium
(Thermo Fisher Scentific), as described All the cultures were
routinely checked for mycoplasma contamination and maintained
in a humidified atrmosphere at 5% 00y and 37 °C.

RMAi transfection was performed using Invitrogen™ Lipofect-
amine RNAIMAXY reagent (Thermao Fisher Scientific) following the
ranufacturer instructons, using mikNA mimicsorsiRNAs at60nM
final concentration

24 3D spherid culhene

Three hundred transfected cells per well were seeded in 96-well
Corning® U-bottorn ultmadow attachment plates (Corning Inc.,
Corning, NY) and incubated for 7 days. Spheroids were photo-
graphed with a Zeizs Acdovert 25 inverted Micmscope (Cad Zeiss

GA, Oberkochen, Germany) at 10X magnification Sphemid sizewas
caloulated with the FIJI software (Image J) [22]. Cell viability was
determined three days after transfection by adding W00 mbd SYTOX
Green (Themno Fsher Scentific] and 1pgimL Hoechst 33342
(Mermck KGaA, Darmstadt Germany) and further 24h incubation
Live cells fluorescence was caloulated as a subtraction of SYTOX
Green (impermeable) from Hoechst (permeable) fluomescence
staining intensities using a Zeiss Awiovert 25 inverted microscope
(Carl Zeiss) with epifluorescence at 10X magnification and FJI
software

25 Saoft agar colony formaton ssays

Transfected cells (125 « W) were embedded in 0135% agarose
aon a 05% agar hase The cultures were maintained for 12 days with
media change every three days. Five colonies per assay were
randomly photographed with an imverted microscope (Carl Zeiss)
and the size {area) was determined wsing AJl software

26 Mignton assays

Migration assays were performed essentially as described | 23]
Briefly, 15 = 10* transfected cells were seeded into the upper
chamber of Corning® non-coated palycarbonate Transwel ™ inserts
(0.8 um pore) (Corning) and starved ¥6h in basal media before
addition of supplemented media with 108 FBS to the lower
chambersz. After 48 h, non-migrating cells were removed from the
upper chamber using cotton swahs. Cells were fired with cold
methanol (—20°C) and stained with 2% crystal violet for 30 min
hefore densitometric analysis with Imagestudio™ Software (Li-Cor
Biosciences, Lincoln, NE).

2.7, Imvasion assays

Sphemid cultures were transfected and grown for four days as
described above, before addition of W0 gl of Matrigel Matrix
(Corning) and allowed to solidify by 30min at 37°C and later
overlaid with DMEM medium. The Matrigel embedded sphermids
were maintained for 48 h and the invasion mte was estimated by
measuring the area between the spheroid edge and the leading
edge of imvasive cells using an inverted microscope (Zeizz)and AJl
software

28 Immunoblotting

Protein extracts from Hela cells transfected with 200nM
mikMNA mimics were prepared in RIPA buffer (50 mM Tris-HCL, pH
T4, 150 mM MNaCl, 0.1% SD5, 0.5% Sodium deccycholate, 1% NP-40,
1mM AEBSF) supplemented with cOmplete™ protease cocktail
inhibitor {Roche, Bazel, Switzerland), 1 mbd PMSE, 2 mb Ma;V0,
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and 20mM f-glycerophosphate. A total of 30 pg of protein were
mresohred on SD5-polyacrylamide 4—8% gels and tmansfered onto
PYDF membranes (Merck-Millipore, Billerica, MA). Membranes
were blocked with 5% BSA or 102 non-fat dry milk for 1h and
incubated with primary antibody against phospho-Myoesin Light
Chain 2 (Ser19) (#3671, Cell Signaling Technology, Damvers, MA)
and MYPT1 (8C-514261, Santa Cruz Biotechnology) overnight at
4°C Membranes were incubated with anti-rabbit horseradish
peraxidase-conjugated secondary antibodies (Santa  Cruz
Biotechnology) and Luminata™ HRP substrates (Merck-Millipore)
before guantification wsing a C-Digit Scanner (L-C0OR Bio-
soiences) A f-Actin antibody (SC-1616, Santa Cruz Biotechnology )
was used as loading control.

29 Lucferase reporter asay

Cells (2.7 = 10*) were co-transfected with 20 nM miRNA mimics
and 20ng duaklucferase reporter using Invitrogen™ Lipofect-
amine™ RMAIMAY reagent (Thermo Fisher Scientific). After 48 h,
Renilla and Firefly luciferase activities were determined with the
Dual-luciferase Reporter Assay System (Promega) following the
manufacturers instructions, in a Glomax® Multi JR Luminometer
(Promega). luciferase activity was calculated as Renilla luciferase
(hRluc) activity divided by firefly luciferaze (hluc+) activity.

210 Srarstical analysis

Statistical analyses were performed with the GraphPad Prism 5
software | GraphPad Software, San Diego, CA) A r-test was used for
comparizon of teeo groups and one-way ANOVA with Tukey post-
hoc tests when comparing three or more experimental groups.
Statistical significance was considered at p < 05 (indicated with
*1. Results were expressed as a bar graph of the mean with stan-
dard deviation of at least three different experiments or as a
boxplot with whiskers and maximum range (L5 interguartile)
from at least three technical replicates from three different
e periments.

3. Results and discusion

3.1, The miR- 143145 cluster &5 not expressed in cervical cancer cell
Iines and immortahzed keratnocyres

As a first approach to further elucidate the role of the miR- 143/
W5 cluster incervical cancer, miR-143 and miR-145 expression was
analyzed by end-point RT-PCR in monolayer cultures of the cervical
cancer cell lines Hela (HPV18+ ), CaSki (HPV16+), SiHa (HPV16+)
and C-334 (HPV-) and the non-tumorigenic immaortal kerating-
oytes HaCaT (HPV-), {162 (HFVIE+) and HEKC16EG/ETAI
(HPW16+); normal foreskin RNA served as positive contmol for
miR- 143145 expression The RNUG-1 was used as internal contral.
Mo expression of either mik-143 or miR-145 was detected in any of
the cell lines tested although both miRMAs were expressed in the
positive control suggesting that the miR-143/145 cluster is not
oonstitutively expressed in the cell lines used in this study (Fig. 1A)
reinforcing the hypothesis that this miRMA custer functions as a
tumar suppressor. Although miR-143/145 expression has been re-
ported as downregulated in advanced cervical tumors [16], no
epression was observed in HPY non-tumorigenic imrmartalized
keratinocytes similar to izolated cells from cervical precancerous
biopsies [24]. This suggests that mik-143 (145 expression may be
regulated by other cellular factors (ie. p53), that are inhibited by
HPMV ancogenes [25].

32 Ectopic miR-143/145 expression decreases viability in spheroid
cultures, impars colony formaton and inkibits cell migration and
invasion

Expression of miR-143/145 was restored in Hela cells by
transfection with miRNA mimics to test their function in 3D
spheroids | 26), a cell culture technigue that provides a maore
physiclogical model to mimic in v tumoer conditions. A scrambled
miRMA mimic was used as negative contral (MC) Both miRNA
mimics showed efficient transfection although miR-143 was
detected with 5-fold higher intensity than miR-145 (Supplemen-
tary 1A) Transfection with miR-145 mimic severely affected
spheroid size (35E smaller than MC)and morphology suggested cell
death. In contrast, transfection with the miR-143 mimic produced
no statistically significant effect (Fiz. 18, Supplementary 18]

To evaluate cell death, viahility assays based on membrane
integrity were performed with SYTOX Green/Hoschst 33342 on
HeLa spheroid cultures transfected with miEMA mimics. Both miR-
13 and miR-145 produced a significant decrease in wiahility (30
and 60% less than MO, respectively) further suggesting that the miR-
W35 cluster expression may induce cell death with miR-145
producing the strongest effect (Fig 1C, Supplementary 1) The
ohzerved cell death may be likely to apoptosis induction, as pre-
vious reports showed for monolayer cervical cultures | 27,28]

In addition to cell death, inhibition of prolifration can also
affect 30 groerth. Soft agar colony formation assays were per-
formed to further explore the ability of miR143) M5-transfected
zingle cells to proliferate and form anchorage-independent ool-
onies relative to the MC Only Hela cells transfected with the miR-
W5 mimic showed a significant reduction of 60% in colony size
compared with the MC Mo morphological difference was noticed in
these aseays as the mechanical restraint produced by soft agar re-
stricts colony shape Transfection of the miR-143 mimic did not
produce a statistically significant effect on colony size (Fig. 10,
Supplementary 10). The null effect in 3D proliferation by miR-143
and the relatively small effect in cell viability could explain the lack
af suppressive effect on the 30 spheroid growth contrary to mik-
15, which decreased both cell viability and proliferation in soft
agar, thereby showing a strong effect on sphemid growth and
marphology. Theseresults suggest that although both miR-143 and
miR-145 affect cell viability on 3D cultures, they follow different
regulatory pathways with miR-145 producing a stronger inhibiton.

The effect of miR-143 and miR-145 on cell migration was
analyzed by tanswell migraton assays. Hela cells ransfected with
the mik-145 mimic exhibited a significant inhibition of 35% on call
migration relative to the NC, while transfection with the miR-143
mimic showed no significant effect (Fig 1E Supplementary 1E).
Imvasion assays using Hela spheroids transfected with either mik-
3 or miR-145 mimics presented a significant decrease (=50%) an
imasion area compared to the NC, suggesting that the mik-143 145
cluster may play a mle inthe contml of cell migration and invasion
(Fig. 1F. Supplementary 1F). The differential effects by mik-143 /145
in cell migration and invasion, confirm that the regulatory path-
ways targeted by mik-143 and miR-145 are different and inde-
pendent, with miR-145 az a more potent turnor suppressor | 29,30].
Thiz iz in agreement with bicinformatic analyses showing mik- 145,
but no mik-143, as a potential prognostic predictor for cervical
cancer patents |31].

33, miR-145 increases pMLC levels by direct target of MYPTT

It has been reported that mik-143/145 can regulate optoskeleton
dynamics during muscle injury [7]. Since the actomyosin oyto-
skeleton activity is crucial for cell division and migration | 32] and
thus to tumor progression and invasion, the ohserved inhibitory
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effects of miR-143 /145 on cell viability, migration and imasion
were analyzed through the phosphorylation of Myasin Light Chain
{pMLC), a key post+tmanslational modification for actormyosin con-
tractile actvity and cytoskeletal rearganization [33] The levels of
pPMLL on Sert® were determined by immunoblotting from Hela
cells ranskected with either miR-143 or mik-145 mimics. Trans-
fection of miR-145 produced a significant 2-fold increase of pMLC
levels compared to the NC. On the contrary, no significant differ-
ence was observed between mik-143 transfected cells and the NC
{Fg. 2A) An increase in pMLC levels and activity are indispensable
to induce membrane blebbing amd permeabilizadon during
apoptosis | 34,35]. In addition, low pMLC levels are associated with
cancer tizzues and cells (including cervical cancer) compared to
their normal counterparts |36 ). Moreover, a deficiency in pMLC has
been related to cytokinesis failure in several cancer cell lines,
including Hela [15] The increased pMLC response to miR-145
waould be explained due to the silencing of a negative regulator
(ie. a phosphataze or a kinase inhibitor )

To elucidate the role of miR-145 on pMLC up-regulation, a Tar-
getican search for miR-145 target sequences (http:wene
targetscanorg/vert_T1/) was performed to select tmnscripts
imalved in MLC phosphorylation. The MYPT1 transcript, a subunit
of the phosphataze imeolved in the negative regulation of MLC
contains a potential miR-145 target site within the 3-UTRE Dual-
luciferase reporters containing the wild-type or an inactive mik-
145 mutant target site in MYPT1 were co-transfected in Hela
manolayer cultures with MC or mik-145 mimics (Fig. 2B) Co-
tmnsfection with mik-145 produced a significant inhibition of
30 in luciferase activity in the reporter containing the wild-type
target sequence compared with the MC suggesting a direct regu-
lation of MYPT1 by miR-145 (Fg. 2C). This inhibiton was
completely abolished by mutation of the miR-145 target sequence

{Fg. 2C), confirming the seed sequence specificity of this inhibition
Maoreover, transfection of the miR-145 mimic downreglated
MYFT 1 protein levelsrelative to the MC{Fig. 3B), although it did not
affect the MYFT1 mBNA content ( Fig. 3A), suggesting thatmiR-145
may mediate MYPT1 tmnslatdonal repression but not RNA
degradation

3.4, MYPT1 knocldown increases pMLC levels and reduces viability,
cell mignation and invasion

Further support for the miR-145 suppressive effects thmugh
MYPFT1 downregulation was obtained by reproducing MYPT1
zilencing by dRMAs. Hela cells transfected with a MYPT1-specific
siRMA (siMYPT1) significantly decreazed B0OX MYPT1 protein
levels relative to cells tansfected with a scrambled siRNA negative
contmol (siContmol) (Fig. 3C). Moreover, as with miR-145, celk
transfected with siMYPT increased 2.4-fold pMLE levels relative to
siControl, thus confirming the regulatory pathway miR-145- MY FT-
pMLC (Fig. 3D). Evaluation of the cell response to MYPT1 slencing
by sikfNAs produced similar results to those observed for mik-145.
Transfection of siMYPT (but not siControl ) significantdy decreased
spheroid viability (Fiz. 4A. Supplementary 2A) and inhibited cell
migration { Fig. 48, supplementary 2B and invasion (Fg. 4C, Sup-
plementary 2C). Therefore, downregulation of MYPFT1 by miR-145
increased pMLC levels negatively affect cell viability/migration/in-
vasion, suggesting a regulatory role on pMLE levels of miR-145 by
directly targeting of MYPFTL Previous reports have shown an in-
creasze in MYFT1 levels in several tumor cells compared to non-
tumorigenic cells and inhibition of its activity had turmaor suppres-
zor effects such as decrease in pmliferation, cell-cycle armest,
chemotherapy sensitvity, reduction of multdpolar mitosis and in-
hibition of migration by regulating pMLC and actin assemhbhy
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|15,37.28]. In addition, other targets of mik-145 could be imvolved
in the up-regulation of pMLL, such as PAKL, a negative regulator of
MLCK [39], which has been validated as a miR-145 target with
implications on imvasion of bladder cancer cells [ 40]

In conchusion, high levels of pMLC are achieved through miR-

15 silencing of MYPT1, a novel target with deep implications in
the viability, migration and invasion capacites of cervical tumor
cells. Further cytoskeleton rearrangement evaluation (ie. by
immunofluorescence hased on cell micropatteming] may be
required to fully corroborate the MYPT1 role in cervical cancer.
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R MARKI is a Novel Target for miR-125a-5p: Implications for
Cell Migration in Cervical Tumor Cells o
EENTHAM g
SCIENCE
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Abstract: Backgronnd: Aberrant miFNA expression is associated with the development of several
disezses imchiding cervical cancer. Dysregulation of miF-1253-5p is present in a plethora of mmors,
T it role in cervical cancer is not well understood.

Ojective: The aim Was to analyze the expression profile of miF-1253-5p in tamor and immortal cell
lines with further target prediction, validstion snd function analysis.

Medhods: MiR-1253-5p expression was determined by real-ime ET-PCE from nine cervical cell
lines. Jn silico tools were used to find target tramscrpts with an miR-125-5p complementary site
within the 3 UTE region Further target selection was based on gene ontology annotaton and AG
amalysis. Target validation was performed by transfection of synthetic miR-125:-5p mimics and hu-
cifsrase assays. Functional evalnation of miR-1253-5p on migrstion was performed by tmanswall mi-
Eration assays.
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Resules: Differential piF-1253-5p expression was observed between immortal and tumeor cells regand-
less of the homan papillomavims (HPV) content Themmodynamic and ontological analyses showned
Micrombule-Affimity-Fegulating Kinasel (MARK]) as a putative target for mif-125a-5p. An imverse
corelation was observed among miR-1253-5p expression and MARE] protein levels in mmor but not
in immoreal cells. Luciferase assays showed direct mift-125a-5p reguladon over MARE] through rec-
oznition of a predicted target site within the 3'-UTE. Hela and C-33A cervical numer cells enhanced
mipration after ransfection with miR-1253-5p mimics and stinmlation of cell mizration was repro-
duced by siFMNA-mediated inhibition of MARKI].

Conclesion: The results showed MARE] as 2 novel fimctionsl tarzet for miF-125a-5p with implica-
tioms on cell migration of mmer cervical cancer cells.

Kevwords: Cell migration, cervical cancer, MAREK], microRMNA:, nuR-1253-5p, tumer.

LINTRODUCTION

MicroFMNA: (omBNAs) are small non-coding RMNAs that
rezulate zene expression at the post-transenptional level and
are criical to many fundamentzl biological processes [1, 2]
MiFMA dvaregulation plays a significant role m the onset
and progression of severzl tumor types [3, 4] Moreover,
miFNA expression patterns appear spatially and temporally
contrelled and may reveal particular conditions present m
normal and tamor cells, allowing the use of miRMNA< as spe-
cific cancer biomarkers and therapeutical targets [3, 6].

*Address comespondence to this author 2t the Labomtorio de Terapia Greni-
ca, Departamento de Genetica ¥ Biclegia Malecular, Cantro de Imvestiza-
cion y de Estudios Avanzados del IP.N., Av. IP'N. 2508, Crudad de Mexi-
co 07350, Mexico; TelFax: +32-33-5747-3800;

E-mail: lalvares@ cimvestav o

1111-537418 $58.00+.00

Cervical cancer has been associated with high-rnsk bu-
man papillomavims (HPV) mfection [7]. Mevertheless, over

% HPV mfections are spontanecusly cleared m immmuno-
competent subjects, and only a fraction of infected women
develop cervical cancer. Thus, additionzl factors are likely to
contribute to cervical maliznant progression [8]. Genomic
data from cervical mmors and cell lines mdicate that aberrant
mBENA fimetion may be wrrokred i mabgnant transforma-
tion of HPV-infected cells [3].

MiF-1252-5p belongs to a highly conserved muBMA
family which 15 dysregulated in a vanety of carcinomas and
other diseases [10]). MiR-123a-5p 15 located at chromosome
19513 and fransenbed as a pelycistronic transeript [11]. Bio-
legical processes assoctated with ouR-1253-5p function n-
clode cell metabolizm [12], bematopotesis [11]. vasocon-
striction [13] and virus-host interaction [14]. In cancer, maR-

© 2018 Bentham Science Publishers
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125a-5p has been reported as both oncogene and fumor sup-
pressor dq}endmg on the cellular conmtext. Ectopie miR-

125a-5p expression can ichibat proliferation and metastasis
of hepatocellular carcinoma, and sigmificantty hinders the
malignant phenotype by repressmg MMPL1 and VEGF-A
[15]. Also, miR-125%a-5p targets E2F3 constraiming prolifera-
ftion, m.igra.ti.om and mvasion m gasine cancer cells [16] and
regulates angiogenesis through VEGF-A targmetmg [17] I
confrast, miR-125z-5p enhances the invasive potential of
wothelial carcinomas [1E]. appears upregulated in basal cell
skm carcinoma [19], promotes proliferative and anti-
apoptotic phenotype in mabgnant B cells [20] and enhances
cell migration and invasion m non-small cell hmg fumors
[21].

In cervical cancer, no significant difference in miR-125a-
5p expression was cbserved between early stage imwvasive
squamons cell carcinoma (ISCC) and normal cervical fssue
[22]. However. maR-1253-5p expression appeared down-
regulated m cervical tumors compared against paived non-
tumer samples [23]. Recently, ouR-1253-5p downregulation
m cervical cancer patents has been proposed as a part of a
non-responder miRMNA profile [24]. No significant associa-
fion with HPV mfection was established m any of these re-
ports.

In the present report, the pmR-125a-5p function m cervi-
cal eells was evaluated 1n a panel of wmertal and tumor cell
Imes. MiR-1233-5p expression level: were determined by
RT-qPCE. showing high expression only in tumor cells. No
associaton with HPV mfechion was observed, suggesting
that alterations in muR-1253-5p expression ave mdependent
of viral gene expression. Biomformatics analysis allowed the
selection of potential nuR-1253-5p targets mveolved m cellu-
lar processes such as apoptosis, cell death, cell proliferation
and cell mugration. Steady-state muR-1233-5p expression
showed an urverse comelation to the target MAREK] protein
(Macrotubule-affinity-regulating kinasel) m cervical tumeor
cell knes. MARE] participates m the establishment of cell
polarity, miracellular sizmal transduction, microtubule cy-
toskeleton organization, and migration process [25, 26]. Fur-
thermore, MARE] was validated as an niR-123a2-5p target
ﬂ:.rw.ghapcr\edtmdhndmg.\ne located within the 3'-UTR
mediating traduccional repression mstead EMNA degadanun.
Transfection wath an muR-125z-5p mmme, promoted ougra-
fion In tumoer lines and sitFMNA-mduced silencing of MAREK]L
reproduced the effect. Therefore, ouR-1253-5p 15 proposed
a5 a regulator of MAREK] expression m cervical tumor cells
suggesting a potential role of this mFNA m cervical cancer
PIOgIession.

1. MATERIALS AND METHODS
1.1. Plasmids: and Olizonucleotides

All olipodecaynuclectides were purchased from T4
oligo™ (ADN Smtético SAPIL de CV., Mexico) The
pMIE-Luc-MARK lwt and pMIR-Luc-MAFK lmt constucts
confam wild-type (5 -CTAGTCCAAATTTACAGGTTCAG
GGA-1") or mmtant (5 -CTAGTCCAAATTTACAGGTaAC
tGeGA-37) [27] miR-125a-5p bndmg ;m:_-s within the MAR
El 3"-UTR cloned into the Ambion” pMIR-REPORTT™
hiciferaze reporter vector, respectively (Life Technologies™
Corp., Grand Island NY). The synthetic pre-miR-123a-5p
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mome and the scrambled miRNA control were purchased
from Life Technologies.

1.1. Cell Culture

Tumor cell lines Hela (ATCC® CCL-2 5iHa
(ATCC"™ HTB-357M), QGU [28], CaSki (ATCC™ CRL-
1550™) and C-33A (ATCC® HTB-31™) were cultured in
GIBCO™ DMEM medium (Life Technologies) supplemented
with 5% fetal bovine serum (FBS) (PAA Laboratones
GmbH, Gemany). The HPV16-immortahzed cell lnes
HECIGESET-IT [29], Cx16.2 [30] and the tamer-derved
CT.1 cell line [31] were cultured in GIBCO® kerstinocyte
serum-free medmm (E-SFM) (Life Technologies). The mm-
mortal HaCaT keratinocytes [32] were grown m GIBCO®
DMEMTFI2 1:1 medmm (Life Technologies) supplamaant&d
with 5% FBS (PAA Laboratories). All cell lines were mam-
tamed m 100 IU/ml penteillm and 100 pg/ml. streptomycin
(PAA Laboratories) m 5% CO; at 37°C.

13 RT-qPCE Analyzis

Relative levels of miR-125a-5p were determined by RT-
qPCE. a5 desenbed [33]. Briefly, small ENA (=200 of) was
izolated from subconfluent [EC‘—QD"‘nj culfures and stored at -
T0°C. Steady-state mmRMNA levels were quantified by the
stem-loop RT-gPCE. method [34] usmg Ambion® miF-123a-
5p RT prmer set (Life Technologies) in 2 Fotor Gene™
3000 (Corbett Research Pty Lid | Australia). The 35 rENA
was used as endogenous reference. Relative gene quantifica-
tion was calculated by the ACT method i abifrary umats
relatrve to 100 [35]. For MAREK] analysis we used the
primer set 5 -ACTTAATGGGGTTICGCTICAA-3" and 57-
TCTACATGGGGAGATTCACAGG-3. B-actin was used as
reference gene and was amphfied wsng the pnmer set 5°-
TCATTCCAAATATGAGATGCGTTGT-3" and 3'-TGCA
TTACATAATTTACACGAAAGC-3 .

14, Immuneblotting

Total protem extracts from 80% confluent culhwes were
resolved in denatming SDS- p-nl}a{:l}lau:m.de gels and electro-
transfarred onto FVDF membranes (Merck Milhpore,
Billenica MA). For MAP2 a.nal}"sl_m, profein extracts were
prepared from transfected cells using 1% 505 hysis followed
by somecation (3 pulses of 20 seconds and 80%% amplitude) in
a GEX 130 PB ultrasonic processor (Cole-Parmer Instrument
Co., Vernon Hills, IL). Blotted membranes were blocked and
incubated with pnmary anfibodies against MARK] (se-
130815), MAP? (52-20172) or the mternal control f-actin
(se-1616) and a horseradish percxdase (HEP)-conugated
secondary anfibody (Santa Cruz Bictecknologzy™ Inc., Santa
Crmuz CA). Protem expression was assessed using Ll.l]]ll
nata™ kits (Merck Milbpore) and analyzed in a C-Dhgit™
scanmer (LI-COR Biotechnology, Lincoln NE).

1.5, Knockdown of Endogenous MARK]

Cultured cells (2x107) were fransfected with increasing
doses of synthetic pre-muFMNAs or siBENAs agamst MAREK]L
mPMA wing Lipofectamine™ 2000 (Life Technologies), as
desenbed [33].
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1.6. Luciferase Reporter Assay

Cells (1x107) were co-transfected with 200 ng huciferase
reporter, S0ng pGST-GFP (2= transfection efficiency r:untrnl;)
and 10 oM synthehe pre-omFNA: wsmg Lipofectarmme
FMAIMAY (Life Technologies). After 24 hrs, cells were
Iysed usmg the Bnght-Glo™ luciferase assay system
(Promeza Corp., Madison WI) following the mamifactarer’s
mstuchons. Light intensities were quantified with a Glo-
max” Multi TR himinometer (Promega).

1.7, Cell Mlizration Assays

Migration assays were performed essentially as described
[33]. Briefly, 2x10° transfected cells were seeded into the
upper chambers of non-coated polvearbonate Transwell®
mserts (8.0 pm pore) (Cornmg Ine, Comimg NY) and
starved 16 hrs m basal DMEM before addiion of DMEM
supplemented with 5% FBS to the lower chambers and incu-
bated for further 48 hrs. Non-omgratmg cells were removed
from the upper chamber nsmg cotton swabs. Cells were fixed
with cold methanel (-20°C) and stained with 2% erystal vie-
let solution for 15 pun Membranes were removed from the
chambers and analvzed by densitometry.

1.5 miRNA Target Prediction and Statistical Anabysis

Target sites for muR-1253-5p were predicted using -
croBMNA org (hitp:farerw mucroma org), TargetScan (hitp://
www.targetscan org) and muBEWalk (hitp:/"www wmm un-
haidelberg de/apps'mmfiooirwalk) routmes. For functional
annotation, we used GOEAST appheaton (hitp:/iomeslab.
genetics.ac.cn'GOEAST). The estmation of AG was per-
formed using the FNAfold routne from the Vierma FNA
Package (hiip:www.tbiumie ac at BNATRNAfold html)
taking 70 pucleotides (nt) upstream and downstream from
the predicted target site. Statistical significance was assessed
usmg the Stmdent’s t test with a migmficance at least of
P=0.05 indicated with *.

3. RESULTS

3.1. Expression of miR-1223-5p is Aszectated with the
Tumor Phenotype in Cervical Cell Lines

To deternune the nuF-125z-5p expreszion profile m cer-
vical cells, RT-gPCR analyses were performed using small
EMNA fractions from mne cervical cell lines. The HFV16-
mmortalized cell Imes (HELSESET-II, Cxl62 and
CXT.1), and the HPV-fiee cell lmes HalaT and C-33A,
showed the lowest levels of muR-125a-5p expression. On the
other hand, the HPV-positrve Hela, Q{GU, CaSkt and Sifa
tumor cells showed sipnificantly higher mmE-125a-5p levels
(Fig. 1A). Mo comelation between miR-1253-5p and HFV
content was observed under the expenmental setting. Chrer-
all, miR-1253-5p showed low expression levels in the HFV-
positive immaortal cell live set (IIEc1SESET-II, Cx16.2 and
CXT.1) and mmR-123a-5p expression was geperally higher
and disperse m the HFV-positve tumor cell sat (Hela,
CaSki, QGU and SiHa) (Fiz. 1B).

3.2. MARK] iz a Direct Target of miR-11%a-5p

To mvestigate the mechanisms associated with the ouR-
125a-3p funchion m cervical cells, three beomnformatics pro-
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Fig. (1). Expression profile of miR-125s-5p in several cervical
cancer cell lines. A) The small BMA fractions (<200 nf) from tomor
(lack bars) and inmmortal (white bars) cervical cell lines were sma-
Iyzed by BT-qPCE for muR-1253-5p confent and nommalized
agminst 55 BMNA B) Felative expression of miR-125a-5p m HPV-
posithve cell lines MiR-125z2-5p expression levels from each cell
line were nommalized against 55 BMNA and grouped by tumor or
immortal phenotype. The plots show the mean and standard devia-
tion from three independent experiments.

grams (nuFanda, TargetSean and miRWalk) were used to
1dEu.hfv 2395 peteuhal target mFEMNA: Gene ontology anno-
tation was used to namrow the data list to 385 target genes
mvolved in celllar processes relevant to the malignant phe-
notype much as apoptosis, cell death, cell prohferation, cell
cycle, migraton, and wvasion. Targ}et accessibility to mib-
125a-5p was evaluated through predicted binding =ite loca-
ton within the } UTE and the thermodynamc properties
(AG (Bcal'mel)) of neighboning sequences [36]. AG values
of validated targets were taken as a reference for final target
salaction (Table 1). MARK] was selected as possible target
regulated by miR-125a-5p in cervical cells because the lack
of reports on 15 role m cervical cancer and the bwlogical
relevance based on known functions [26].

For target validation, the expression profile of MAREIL
was evaluated by imwmumoblotting (Fig. 1A) and comelated
with the oiF.-125a-5p levels found m each cell hme through
Pearson correlation analysis grouped by mmertal or fumor
phenotype. A sizmficant mverse comelation value was found
m tumer cervical cell lines between mmR-1253-5p expression
and MARE] (r=-0.9217, P=0.0260) (Fig. 1B, left panal).

Mo smigmficant correlation was found between the levels
of mF-1252-5p and MAFREKI] expression on mmmertal cells
(Fiz. IB, nght panel). As MARK] representsd a new poten-
tal target for muB-125a-5p, we focused on the functonal
mmferaction between MAFRK] and muR-1253-5p. The vah-
dated mR-125a-3p targets VEGF and Bel-? were also ana-
byzed showing a smmlar mverse comrelaton only m fumer
cells (Supplementary Fiz. R1).

Because the omuR-125a3-3p expression 15 relatmvely low in
C-33A cells (Fig. 1), we used a gain-of-funchon approach to
mvestipate the effect of mR-125a-5p on the endogencus
MAEK] protem levels by transfecting a synthetic mE-123a-
5p mumie (pre-miR-125%a-5p). A scrambled synthetic omFNA
(maR C-) was nsed as negative control. Transfechion of pre-
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Tablel. Predicted AG of the 5 and 3" sequences (70 nf) flanking potential and validated miR-125a-5p binding sites.
CENE ﬂ;ﬂ":u]} ﬂ:‘:zn Relative 3'-UTR Position*
Lmas: 1018 750 28
ERBEI 1544 B0 0
EREER3 410 1157 3
VECF 348 1070 4
ADMPIE 1420 050 1
MAREL 1200 1150 ]
MARE? 2060 2750 421
MARES 2310 1730 14
2) Rsfernmce [
) Rafarancs [30]
¢ Bsfarumca [ 29

A g
&
. g o
= = 3 =B
1:888::E%
MARKA = , - T:
Bactn = e -—-——.--{2
B £ = sz W
R T
EE‘ 2 e - Pand
3 w] " ] Oo-eT
£ “an “a
——+—+ 2+t
i .- 18 28 38 48 02 48 B
miR-12 &a-5p relative axprossion
c i 2 . EmRC- []miR-125a-5p
i
gz ! :
i o
] 120 180 240

Fiz. (2). MARF] protein expression inverse correlated with mifl-
125a-5p levels. A) MARE] and f-actin immmmoblottings from total
prowein exmacts of cervical cell lines B) Comelation plos of
MARE] vs miR-1253-5p expression. A Pearson comelztion snaly-
sis was wsed to estmate the commelation factor (1) between the pre-
dicted target and miF-125a-5p for numer (left panel) or inumortal
(right panel) phenotype C) MARE] immumoblotting of total pro-
tein extracts fTom cells mansfected with pre-miR-123s-5p. C33-A
cells were transfected with increasing amounts of 2 syndetic pre-
miR-1252-5p mimic or a scrambled miBMA negative control (mik
C-). f-actin was used as an input contrel.

mR-125a-5p caused down-regulation of the endogenous
MARE] proten levels significantly at 180pM compared to
the confrols, suggesting that nmmB-125a-5p may regulate ex-
pression of the endogencus MARE] protein and thus repre-
senting a new target for maR-125a-5p (Fig. 200

Targeting of MARK] by miE-125z-5p was validated by
cloning the predicted MAREK] miR-125a-5p target sife into
the poB-LUC vector (pmuR-LUC-MARElIwt), and co-
transfected m Hela and C-33A with a scrambled confrol
(ouR C-} or the pre-miR-125a-5p mimie cells (Fig. JA). Sig-
nificant reduction of luciferase activity was cbserved first in
Hela cells co-transfected wath pouB-LUC-MARKIwt and
pre-miR-125a-3p, but not in cells co-transfected with the
scrambled control (Fig. 3B, left panel). The effect of miR-
1253-5p on luciferase activity was abolished when the pre-
dicted target site was nutated, thus confirming the functional
inferaction between miR-125z-5p and MAREK] (Fig. 3B,
right panel). A simolar effect was observed im C-33A cells,
were co-transfectton with pMIR-Luc-MARElwt and muF-
1253-5p induce a sizmficant downregulation of luciferase
activity (Fig. 3C, left panel) but recovered m cells trans-
fected with pMIE-Luc-MAREImt (Fig. 3C, nght panel),
mdicating that functional mteraction with omB-1253-5p oc-
curs in both cell lnes.

33, MiR-12%a-fp Targetmg Does Not Alter MARK]
mENA Level:

To evalmate if direct targeting of MARK] by miR-125a-
3p 1= athibutable to miRNA-mduced mENA degradation, we
transfected Hela and C-33A cells with miR-125a3-5p and the
mF. negative control (muF. C-). Transfected cells were
evaluated for MARE] mRNA levels by gRT-PCE. Results
showed that transfection with miF-125a-5p does not signifi-
cantly modify MARE] transenpt levels m any of the tested
cell lmes, sggestmg a translabonal-repression process
which not mvelves mEMNA decay (Fig. 4).
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Fig. (3). Direct targeting of MARK] by miF-1252-5p in cenvical
carcinoma cells. Ay Layout of luciferase reporter constmucts. Dou-
hle—sanded olisonucleotddes containing a pradicted miR-125a-5p
site within MARK] 3"-UTE (pMIE-Luc-MAPRE 1wt), or 8 negative
confrol contaming three nmitated positons (underlined) abolishing
mif-125a-5p hybndization (PMIE-LocMARKImt). Muodeotide
positions from the MARE] 3'UTE. are indicated. Hela B) and C-
334 C) cells were co-ransfected with the pmdF-Doc-MAREIwt or
priR-Tnc-MARK Imt reporters, plos the transfection efficiency
conirol pGST-GFP and the miF-125a-5p mimic (mif-125a-5p) or
the negative scrambled miBWA control (miF. C-). The plots repre-
sent the mean and sendand devistion of the comected hiciferaze
activity after 24 hrs.
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Fig. (4). MAFE] targeting by miR-1253-5p does not induce
mRMA decay. Hela and C-33A cells were ransfected with §0nM
miR-1282-5p mimic or miF. C- sorambled control MARE] mBMNA
levels wete evahiated by R T-BPCE from total BMA extracts 24 hrs
post-transfection. Expression of MARK] was nommalized against -
actin. Graph chows the mesn snd standsrd deviaton from threa
independent experiments.
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Fig. (5). Effect of nuP-1258-5p on cell migration in cervical carci-
noma cells. A) Upper Panel C-33A and Hela cells were trans-
fected with the miR-1252-5p synthetic mimic (miR-125s-5p) or the
scrambled miBMA contol (miFt C-) and seeded into tramsweell
chambers 24 hre post-ransfection Transfected cells were starved
for ovemight and stiomilated with 5% FBS. Migrating cells across
the membrane ware stained and micophotographed at 1003 Lower
Panel, stained membranes were removed from the chambers and
quantified by densitometry. The plots represent the mesn and stan-
dard deviation of the fold change in migrating cells compared to the
non-stimmlated contrel B) MARE] downregulation by siPMAs
stimmlates migration TUpper Panel, C-334 and Hela cells were
transfected with a siRMNA directed against MARK] mBMA (siFNA-
WMARE]D) or a scrambled siPMNA negative control (siBMA C-). M-
grating cells across the membranes were stained and micophoto-
graphed at 1003 Lower Pansl the plots show the mean and stan-
dard deviation of the densitometry from stained membranes com-
pared to non-stinmlated controls fom thres independent experi-
ments.

34. Transfection of miR-11%a-5p Promotes Cell AMigra-
tion by Dewnregulating MARK] in Cervical Tumer
Cell:

The effect of miR-125a-5p expression on the mugration
of cerical tumer cells was analyzed i C-33A and Hela
cells transfected with pre-mmR-1235a-5p and seeded on tran-
swell migration chambers. Cell migration was sigmificantly
enhanced m pre-muR-12a-Sb-transfected cells compared to
mf. C- control (Fig. 5A), suggesting that MARK] down-
regulation by muE-125a-5p 15 asseciated with migration in
carvical fumor cells. To discern whether the effect on cell
migration was attnbutable to MARK] regulation, we treated
C-33A and Hela cells with a MARK]-specific siIFNA and
evaluated the effect on cell migration MARE] a2FMNA
cansed significant ephancement of migration in Hela cells
and a slight increase in mugration in C-334A cells (Fig. 5B).
The observed differences in MARKI] silencmg betwesn C-
33A and Hela cells can be athibuted to contextual differ-
ences or mmtzbons at the 3 UTE target site. Nevertheless,
these results confom a role for MARE] in cervical cell mi-
gration.
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Az shown i Fig. (3), ouR-1253-5p can down-regulate
MARE] by divect targeting m both Hela and C-334 cells but
the effect on mizration process was manly observed m Hela
cells (Fiz. 5). Previous reports have shown that MARE] can
mediate migration through the direct phosphorylafion of
MAP:, altening mucrotubule dynamies [26]. To finther elar-
ify TJ:LE function of muR125a-5pMARE] mnferaction m cell
mugration, the levels of MAP? protem (a functional target of
MAREK] expressed in epithebal tumor cells and related to
cell motlity [37]) were analyzed by mmmumoeblothng in ouR-
125a-5p-transfected Hela and C-33A cells. A short 70 Ed
form of MAP2, referred as MAP2e [38], was observed only
m C-33A cells suggestng a differential mucrotmbule dynam-

1cs regulation between both cell hnes.

Hola C-33A
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e E E E
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Fig. (6). Differential MAP2 levels m Hela and C-33A cells. Total
protein extracts from Hela and C-33A cells transfected with miR-
1252-5p mansfaction were amalyzed by immmmobloting nsing an
anti-MAP-] antihody. f-actin was used as load control A 70 Ed
hiand corresponding to MAP2 protein is indicated.

4. DISCTUSSI0ON

In the present study, muF.-125a-5p and s novel target
MARE] are suggested as potential factors for cervical can-
cer progression. MiR-125a-5p showed differential expres-
sion among a panel of cervical cell lmes and MARE]L was
identified a5 a direct tarzet for miR-125a-5p regulation with
funchonal relevance on cell mpgrzhon. Addmonally, mE-
125a-5p overexpression and the subsequent MAREK] down-
regulation stomulated cell migration in cervical fumor lines,
further suggesting a potential role for miR-125z-3p m cervi-
cal cancer fumorigenesis.

The relabonship between nuF-12%z-5p and cervical can-
cer has been previously explored with no clear conchimon
about its functional role. In the present approach, an mverse
comrelation was established between endogencus uR-125a-
5p levels and MAFRK] expression in tumor but not in mmmor-
fal cells, Thes phenomenon was alse observed m SEBR3I
cells (2 mammary tumor-derived cell line), where mmF-125a-

MicroBNA, 2018, Vol 7, No. 1 58

5p had a significant mhubitory effect on growth and mugra-
tion but only 2 marginal effect n non-transformed cells, also
suggeshing that a fumes or immertal phenotype 15 relevant for
the expression and funchion of miR-125a-5p [39].

Functionally, miR-125a-5p has been previcusly charac-
terized as a pessible fumor suppressor gene in cervical can-
car, mhabitng cell proliferation and mvasion in cultured
cells, while suppressmg cell cyele and redusng tumor
growth and metastasis i vive. Moreover, muR-125a-5p regu-
lated these event: by dwectly bnding and dowmregulatmz
STAT? mPMNA [40, 41]. In another report, lenfrvous-
mediated miR-125z3-5p uprezulation mhibited in vitro cancer
proliferation and migration and in wive cerical carcinoma
transplantation. ABL2 was shown as a doect regulatory tar-
get of miF-125a-5p [23]. The results presented here indicate
that miR-125a3-5p enhances migration in cervical tumor cells
through MARE] downregulation suggesting a possible role
as an oncogene. Expression of muR-125a-3p impaired cell
mugration in breast cancer cells by targeting ERBB2-ERBB3
and HuR [42], ABL2 m cervical cancer [23] and Gab2 m
ghoma cells [43] However, muR-125%a-5p overexpression
mcreased mugration m non-small cell lung SPC-A-1 cells
and silencing cawsed a decrease m eell migration [21].
Therefore, the nuR-125z-5p fimction m cell mugration ap-
pears to be associated with a wide spectrum of targets rely-
ing on a particular cell context and‘or physiclogical state.

There are four MARE protems (MARK1L234) m bu-
mans, with several roles in the establishment and mamte-
nance of cell polarity and the regulaton of microtubule dy-
namies, both phenomena implied in the control of cell
movement m cancer and development. Excluding MARES,
virtually the entre MARE famuly can be regulated by muR-
125a-5p although the thermodynamic properties of the adja-
cent sequences may oot be as favorable as those present in
MARE] (Table 1). MARE] activity can modulate cell mi-
gration by altermg muerotubule dypammes wia MAP phos-
phorvlahon and by non-canomeal pathways as the promotion
of Wnr activation [44] and LEB] signaling [45]. Microtubule
dynamies 15 essentially mgulatadbvl\'m_?’ﬂlatmmmare
regulated by MAREKIL. MAP: m non-phosphorvlated form
bmd to the microfubule lathce, where they can stabi-
lize/destabilize owcrotubules through  dephospheryla-
ton'phosphorylation cyeles managed by MAREK protems.
Moreover, dysregulation of this mechanizm has bean related
to the mahgnant phenotype i tumor cells where MAP2
overexprassion can mduce mitotic defects, growth mhibihon
and metastatic predisposition m melanoma-derived cells [46,
47] and promotes cell migration on mvasive oral earcinoma
cells [37]. This MAP? zain of function in epithelial cells can
mduce a global stabilzation of the microtubule network [43,
49] and confer neunife-like protusions to enhance migraton
[50, 51]. Hete, a differential effect of MAREK] down-
regulafion was observed befween tweo cervical cancer cell
lines.

Response to migratory stmml may be influenced by
MAP expression profile and MAP i1soforms. The present
results showed that mizration 1= not enhanced in C-334 da-
spite regulation over MAFRE] but it iz m HeLa cells (Fig. ).
Addiionally, MAP2: 15 hughly expressed in C-334 cells but
mmH&Lacethchmz} explain the lack of effect on
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migration observed m C-33A compared to Hela cells. In
oral cancer cells (Ca-22 cells), overexpression of MAP2e
caused bundlmgz on mucrotubules, but margmally stomulate
migration [37]. Thus, C-33A can be resistant to mugratory
stimmli despite regulation of MARK] by miR-1253-5p. In
the case of Hala cells, microtubule dynamics may be finther
regulated by MAPS, other target of MARK]. Moreover, m-
grafion can be stmulated by non-canomical pathways de-
pendent on MARE] as phosphorylation of it components
or LBE signaling. Puthng together, MAF2e overexpression
may confer a resistant context to mugration process. Partici-
paton of another forms of MAP, as MAP4 needs to be
evalnated for a complete understandmg of migration regula-
fion m Hel a calls.

Microtubule stabilization may confer sensibility to pach-
taxel treatment [41, 52]. Further studies will be required to
clarify the precise mechanim by which miR-1252-5p par-
ficipate in cell migration in cervical cancer. Mevertheless, the
evidence provided here suggesting nuR.-125z-5p regulation
of cell mirration In cervical tumor cells through the targeting

of MARK] offers a novel view of carvical carcinogenesis

and establizh a nowvel target for potential therapies.
CONCLUSION

Here, muR-1253-5p and it novel target MARK] were da-
scribed as potential factors for cervical cancer progression
MiR-125z-5p showed differential expression among 2 panel of
carvical cell Imes. In particular, miR-125a-3p was mgn:ﬁcanﬂv
overexpressed m fumor HFV-poative cell Ines in companison
to immortal HPV-positive cell mes, MARE] was identified as
a dwect target for miR-125a-5p regulation with fimetional rele-
vance on cell mpraton. Crerexpresaon of miR-125a-5p and
the subsequent MAFRE] dowrregulaton promoted cell mugra-
tion m Hel a cell ine suggesting a potential role for muR-125a-
Spm cervical cancer tonorizenesis.
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