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Our understanding of non-coding RNA has significantly changed based on recent advances in
genomics and molecular biology, and their role is recognized to include far more than a link between
the sequence of DNA and synthesized proteins. MicroRNAs (miRNAs) are small regulatory RNAs
that play a crucial role in posttranscriptional gene regulation. Greater than 2500 miRNAs have been
identified and catalogued in humans and many of them are conserved in other species [1]. miRNAs are
implicated in almost every facet of fundamental cellular functions including development, senescence
and disease. The past decade has experienced a remarkable increase in the understanding of miRNA
biogenesis, their target genes, miRNA biomarkers and potential therapeutics for a growing number
of disease conditions. RNA-based markers and therapeutics have a potentially significant clinical
impact, and many of the miRNA-based therapies are at various stages of application and human
clinical trial [2].

As background, non-coding RNAs are divided into (i) transcription RNAs (including both tRNA
and rRNA); (ii) small RNAs, which are further subdivided into siRNAs, miRNAs, snoRNAs, and
snRNAs; and (iii) most recently, long non-coding RNAs, which are now know to transcribe short
peptides [3]. MicroRNAs are single-stranded non-coding RNAs that are typically 18–25 nucleotides
(nts) in length and are best known for their role in the post-transcriptional regulation of gene expression.
They are the most abundant class of small endogenous non-protein coding RNAs, and make up one of
the largest well-conserved gene families found among viruses, plants and animals. The majority of
miRNA sequences in humans are typically transcribed by introns of non-coding and coding transcripts,
with few transcribed by exonic regions.

MicroRNA genes are typically transcribed by polymerase II or III and generate primary miRNAs
(pri-miRNAs), which can contain sequences for multiple miRNAs and be hundreds of nts in length.
These structures are then processed and cleaved by Drosha-DGCR8 complex, resulting in the formation
of a hairpin-shaped stem-loop structure, which is known as the precursor miRNA (pre-miRNA)
and typically around 70 nts in length. The pre-miRNA is exported outside of the nucleus primarily
by exportin 5. Further processing takes place in the cytoplasm by Dicer1-TARBP2, which is an
RNase III enzyme, resulting in a two-stranded duplex of miRNA-miRNA*. Typically, it is 18–25 nt
long, with one strand designated the guide strand and the other as the passenger strand. Finally,
the guide strand is incorporated into the RNA-induced silencing complex (RISC), which is a large
multiprotein miRNA ribonucleoprotein complex that is the effector compound in modulating target
gene transcription. Alternative pathways have been described that are Drosha-DGCR8 independent as
well as Dicer-independent, and are likely to greatly advance our understanding of miRNA biogenesis
and involvement in conditions of health and disease.

Regulatory interactions between miRNA and other noncoding RNAs, including long noncoding
RNAs (lncRNA), and circular RNA (circRNA) are now known to determine the cellular functional
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status and phenotype. MicroRNAs use seed sequences (6–8 bases long) to bind microRNA Response
Elements (MREs) located on their interacting partners, primarily at the 3’UTR of coding transcripts [4].
However, it is possible that the frequency of MREs in the entire transcriptome of a given cell contributes
to the dynamic gene regulatory process by acting as a sponge for mature miRNAs, thus regulating
their functional availability. Thus, the coding and noncoding transcripts sharing common MRE sites
compete with each other and define the gene expression profile of a given cell. These competing
transcripts are collectively called competing endogenous RNAs [5]. Thus, gene expression regulation
is a complex process involving the dynamic interactions between miRNA-mRNA-lncRNA-circRNA.
This complexity is increased multifold when these interacting partners are exchanged between cells via
extracellular vesicles. Recognizing this intricate system will significantly aid in our understanding of
the health and disease process. We are beginning to study disease pathogenesis at the cellular, organ,
and whole body levels; and the gut microbiota is increasingly recognized as a crucial player [6]. It is
time to acknowledge each of these players as they take center stage in maintaining homeostasis and
the normal physiological functioning of an organism.

There are still significant gaps in understanding the complex regulatory mechanisms of miRNAs;
however, the field is advancing rapidly. Further, it has been shown that a number of nuclear receptors
are involved in the transcriptional regulation of miRNA expression, including the small heterodimer
partner (SHP) and farnesoid X receptor (FXR). In general, miRNAs are detected as (i) extracellular
circulating miRNA bound to different lipoproteins; (ii) part of a non-membrane ribonucleoprotein
complex associated with Argonaut proteins; and (iii) contained in exosomes as extracellular vesicles,
where they act as nano-sized transporters involved in the communication between neighboring cells.
The recent finding that miRNAs are also transported from one cell to another via tunneling nanotubes
underscores their importance in maintaining communication among all cell types, including those
associated with cancer.

This Special Issue of Genes, entitled “MicroRNA Regulation in Health and Disease” consists
of a series of articles spanning the clinical realm from colorectal cancer to pulmonary fibrosis.
However, we begin with a research article by Liu et al. who reported for the first time the existence
of complemented palindromic small RNAs (cpsRNAs) from SARS coronavirus, and propose that
cpsRNAs and palindromic small RNAs (psRNAs) constitute a novel class of small RNAs [7]. Such a
discovery of cpsRNAs could pave a way to find novel markers for pathogen detection and to reveal
the mechanisms underlying infection or pathogenesis from a different perspective. In a study titled,
“A Two-Cohort RNA-seq Study Reveals Changes in Endometrial and Blood miRNome in Fertile and
Infertile Women”, Rekker et al. compared mid-secretory phase samples between fertile and infertile
women [8]. The study revealed 21 differentially expressed miRNAs from the endometrium and one
from blood samples. Among the novel miRNAs, chr2_4401 was validated and showed upregulation
in the mid-secretory endometrium. In addition to the novel findings, the authors confirmed the
involvement of miR-30 and miR-200 family members in mid-secretory endometrial functions. Hueso
et al. elegantly showed in their article that an exonic switch regulates the differential accession of
microRNAs to the Cd34 transcript in atherosclerosis progression [9]. Further, they proposed a new
mechanism of miRNA action, linked to a cryptic splicing site in the target-host gene, that would
regulate the differential accession of miRNAs to their cognate binding sites.

Li et al. studied the role of miRNA-106a-5p in inhibiting C2C12 Myogenesis via targeting PIK3R1
and modulating PI3K/AKT signaling [10]. Their results showed that miR-106a-5p was elevated in aged
muscles and dexamethasone (DEX)-treated myotubes. The up-regulation of miR-106a-5p significantly
reduced the diameters of myotubes accompanied by increased levels of muscular atrophy genes
and decreased PI3K/AKT activities. Finally, miR-106a-5p was demonstrated to directly bind to the
3’-UTR of PIK3R1, thus, repressing PI3K/AKT signaling. The microbiome appears to interact and
perhaps influence an unlimited number of metabolic processes in health and disease. In their article,
Yuan et al. postulate that the altered nutrient composition and miRNA expression in colorectal
cancer (CRC) microenvironment selectively exerts pressure on the surrounding microbiota, leading
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to alterations in its composition [11]. Further, the authors present a detailed overview of the current
understanding of the role of miRNAs in mediating host-microbiota interactions in CRC. “Single
Nucleotide Polymorphisms in MIR143 Contribute to Protection Against Non-Hodgkin Lymphoma
(NHL) in Caucasian Populations” by Bradshaw et al. is first to report a correlation between miRSNPs
in miR-143 and a reduced risk of NHL in Caucasians [12]. Further, it is supported by significant SNPs
in high linkage disequilibrium (LD) in a large European NHL genome-wide association study (GWAS)
meta-analysis. Axmann et al. compared the miRNA profiles in serum and lipoprotein particles of
healthy individuals with those of patients with uremia [13]. They observed a significant increase in
levels of cellular miRNA level using reconstituted high-density lipoprotein (HDL) particles artificially
loaded with miRNA, whereas incubation with native HDL particles yielded no measurable effect. Based
on the results, the authors concluded that there was no relevant effect of lipoprotein-particle-mediated
miRNA-transfer under in vivo conditions though the miRNA profile of lipoprotein particles can be
used as a diagnostic marker.

Mullenbrock et al., carried out an elegant systems analysis transcriptomic and proteomic study
on the potential role of miRNAs in pulmonary fibrosis [14]. They specifically targeted fibroblasts
and myofibroblasts as the key effector cells responsible for the excessive extracellular matrix (ECM)
deposition and fibrosis progression in both idiopathic pulmonary fibrosis (IPF) and systemic sclerosis
(SSc) patient lungs. The comprehensive analyses of mRNA, miRNA, and matrisome proteomic profiles
in IPF and SSc lung fibroblasts revealed robust fibrotic signatures at both the gene and protein expression
levels and identified novel fibrogenesis-associated miRNAs whose aberrant downregulation in disease
fibroblasts likely contributes to their fibrotic and ECM gene expression. Somatostatin (SST) analogues
were used to control the proliferation and symptoms of neuroendocrine tumors (NETs) in an article
by Døssing et al., entitled “Somatostatin Analogue Treatment Primarily Induce miRNA Expression
Changes and Up-Regulates Growth Inhibitory miR-7 and miR-148a in Neuroendocrine Cells” [15]. Two
miRNAs which were highly induced by SST analogues, miR-7 and miR-148a, were shown to inhibit the
proliferation of NCI-H727 and CNDT2 cells. SST analogues also produced a general up-regulation of
the let-7 family members. SST analogues controlled and induced distinct miRNA expression patterns
among which miR-7 and miR-148a both have growth inhibitory properties.

As FDA-approved small RNA drugs begin to enter the arena of clinical medicine, it is critical to
expand both preclinical and clinical research studies for miRNAs. A growing number of reports suggest
a significant utility of miRNAs as biomarkers for pathogenic conditions, modulators of drug resistance,
and/or as drugs for medical intervention in almost all human health conditions. The pleiotropic
nature of this class of nonprotein-coding RNAs makes them particularly attractive drug targets for
diseases with a multifactorial origin and few, if any, available treatments. The landscape of both
diagnostic and interventional medicine will arguably continue to evolve as candidate miRNAs pass
successfully through phase 2 and 3 clinical trials. In this special issue of Genes, we provide a series of
articles that highlight microRNAs as diagnostic, predictive and therapeutic agents for human disease.
The development of bioinformatics programs to identify miRNA-binding sites in target genes and
their corresponding biological pathways, along with an expanding platform of in vitro and in vivo
preclinical research models, has propelled miRNAs into clinical medicine. The first siRNA human trial
was conducted in 2004 and, in 2018, the first siRNA drug was approved, paving the way for a class of
miRNA transcripts whose active investigation began only a little more than 15 years ago. The future of
human miRNA clinical trials is absolutely guaranteed and that time has arrived.

The development of miRNA diagnostics and therapeutics is an exciting and potentially new
frontier in treating diseases for which few treatment options exist. We believe and hope that this
Special Issue of Genes will be an important resource for a wide variety of audiences, including students
at all levels, and established investigators who are interested in contributing to the remarkable and
ever-expanding field of microRNAs in health and disease.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Changes in gut microbiota composition have consistently been observed in patients with
colorectal cancer (CRC). Yet, it is not entirely clear how the gut microbiota interacts with tumor cells.
We know that tumor cells undergo a drastic change in energy metabolism, mediated by microRNAs
(miRNAs), and that tumor-derived miRNAs affect the stromal and immune cell fractions of the
tumor microenvironment. Recent studies suggest that host intestinal miRNAs can also affect the
growth and composition of the gut microbiota. Our previous CRC studies showed a high-level
of interconnectedness between host miRNAs and their microbiota. Considering all the evidence
to date, we postulate that the altered nutrient composition and miRNA expression in the CRC
microenvironment selectively exerts pressure on the surrounding microbiota, leading to alterations in
its composition. In this review article, we present our current understanding of the role of miRNAs in
mediating host–microbiota interactions in CRC.

Keywords: colorectal cancer; microRNAs; gut microbiota; metabolic interactions

1. Introduction

An average human intestine contains more than 100 trillion bacteria (collectively known as the
gut microbiota) [1]. In recent decades, a number of studies have suggested that the gut microbiota is
crucial to human health and to the development of diseases, including colorectal cancer (CRC) [2–7].
Those studies determined that altered microbiota composition and function (dysbiosis) is a common
signature of CRC. Bacterial candidates such as Fusobacterium nucleatum and Bacteroides fragilis are
consistently enriched in tumor tissues, and included in that signature. Specific factors in those bacteria,
including FadA and Fap2 protein from F. nucleatum and B. fragilis toxins, that play a role in CRC
pathobiology have been identified [8–16]. However, our knowledge of the vast majority of other
bacteria associated with the CRC microenvironment is limited. Moreover, we are just beginning to
understand the complex interactions between host and microbiota in CRC, as well as other clinical
disorders including neurodegenerative diseases [17].

In healthy humans, a key factor associated with microbiota variations is host genetics [18–21].
In a study of healthy twins, Goodrich et al. found that host genetics drive microbiota composition
and can also affect the host metabolic phenotype [19]. Several other studies have found an association
between the abundance of Bifidobacterium species and the presence of single-nucleotide polymorphisms
(SNPs) in close proximity to the host lactase gene locus [18,22]. This association suggests that the
Bifidobacterium species conceivably assists the host in metabolizing lactose.

Genes 2019, 10, 270; doi:10.3390/genes10040270 www.mdpi.com/journal/genes5
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A recent CRC study found that loss-of-function mutations in the mitogen-activated protein
kinase (MAPK) and Wnt signaling pathways are associated with specific sets of microbiota profiles [2].
Furthermore, mutations in the tumor-suppressor adenomatous polyposis coli (APC) gene are also
associated with a distinct inter-microbiota association network [2]. These findings suggest that a
common genetic factor might orchestrate the dynamic host–microbiota interaction(s) and functional
relationship(s). Indeed, other recent studies have provided experimental evidence that microRNAs
(miRNAs) can influence the survival and composition of gut bacteria [3,23,24]. Moreover, miRNAs
have important intermediate roles in regulating CRC transformation and progression via the action
of signaling pathways, including MAPK, Wnt, and APC [25,26]. MicroRNAs are small noncoding
RNAs (about 22 nt) that play an important role in regulating and fine-tuning gene expression [27].
In mammalian cells, miRNAs regulate gene expression through posttranscriptional modifications
in two distinct, albeit paired, mechanisms. First, if the miRNA has an extensive complementary
binding site in the messenger RNA (mRNA) target, then it will guide the RNA-induced silencing
complex (RISC) to cleave the mRNA, thus inhibiting translation. Second, if the miRNA only partially
binds to the 3’ untranslated region (3’UTR) of the mRNA, then the miRNA-RISC will act to repress
mRNA translation [28]. Both mechanisms lead to the decreased translation of mRNAs, which alters
their respective downstream functions. Because miRNAs can act upon mRNA targets with limited
complementarity, each miRNA can target a wide range of mRNAs in mammalian cells and each
mRNA can be targeted by numerous miRNAs. More than 30% of human genes are estimated to have
conserved binding sites in the 3’UTR [29]. Clearly, given this vast and enormously complex regulatory
network, miRNAs are immensely important in regulating critical cellular processes. We are only now
beginning to understand the sophisticated cross-talk of miRNAs, not only with each other, but with
the myriad of target mRNAs.

Based on mounting evidence, we postulate that the altered nutrient composition and miRNA
expression in the CRC microenvironment selectively influences the surrounding microbiota, leading
to alterations in its composition. In this review, we present our current understanding of the role of
miRNAs in mediating host–microbiota interactions in CRC (Figure 1). After highlighting the evidence
pointing to their central role, we reflect on the future direction of this rapidly evolving field.
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Figure 1. Host–microRNA–microbiota interactions in colorectal cancer. Microbiota composition has
a functional effect on the cancer cells, via stromal and tumor infiltrating immune cells by regulating
various cellular process (1). Microbial-metabolites and other secreted factors affect miRNA/gene
expression profiles in cells present in the tumor microenvironment. In turn, tumor cells affect the
microbiota composition of the stromal and tumor infiltrating immune cells through shedding of
epithelial cells and/or secreting extracellular vesicles (EVs) containing miRNAs (2). The tumor-miRNAs
alter the microbiota composition by affecting the gene expression of the microbiota and by delivering
cancer-secreted metabolites (3). The tumor-derived miRNAs also have a role in regulating stromal
and tumor infiltrating immune cells by affecting gene expression through miRNAs delivered in EVs
(4). Such interactions will finally create a favorable microenvironment for tumor cells that include
angiogenesis, immune evasion, and microbiota composition (5).

2. Microbiota and Colorectal Cancer

In the healthy intestine, the microbiota maintains a stable structure and actively participates in
energy harvesting and nutrient production from undigested food [30,31]. However, this balance is
disrupted in patients with CRC. Current evidence suggests that the microbiota regulates host functions
via both metabolites and secreted factors.

2.1. Microbial Metabolites

In a normal colon, the microbiota produces a vast number of metabolites. Some of them, including
vitamin K, biotin, and short-chain fatty acids (SCFAs), are essential for maintaining homeostasis in the
colon microenvironment [31]. In fact, the major energy source (∼70%) required by colon epithelium
is butyrate, which is produced by the microbiota through fermentation of complex carbohydrates.
Without the microbiota, the colon epithelium undergoes autophagy and fails to maintain its normal
structure and function [32]. Similarly, mice lacking a microbiota (i.e., germ-free mice or those treated
by broad-spectrum antibiotics) develop significantly fewer tumors in the colon [33–35]. However, in
humans, using broad-spectrum antibiotics to treat CRC is not feasible, because of the risk of introducing
harmful and highly resistant secondary infections such as Clostridium difficile.
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In our current understanding, a few main classes of bacterial metabolites play a key role in
the pathogenesis of CRC and the immune microenvironment. These metabolites include SCFAs,
polyamines, secondary bile acids, and phytochemicals. Their role in CRC has been extensively reviewed
and documented [31,36–38]. We have recently also explored the role of miRNAs in mediating the effect
of microbial metabolites on CRC and its microenvironment [39].

2.2. Microbial Factors

Early studies consistently found a greater population of F. nucleatum in microbiota samples
in patients with CRC than in healthy controls [40,41]. This bacterium is commonly found in
the human oral microbiota and is frequently associated with gum diseases; it is, however, not
commonly present in the gut microbiota. Through the Fap2 virulence factor, it uniquely binds with the
D-galactose-β(1-3)-N-acetyl-D-galactosamine (Gal-GalNAc) carbohydrate moiety expressed on the
tumor surface of CRCs [14]. Once it localizes to the CRC microenvironment, it targets the Wnt/β-catenin
signaling pathway by binding, via association with the FadA virulence factor, to the E-cadherin protein
on the cell surface [16]. The Wnt/β-catenin signaling pathway is critical during tumor initiation, tumor
migration, and metabolic reprogramming [42–45]. The role of the Wnt/β-catenin signaling pathway in
CRC has been previously reviewed [45].

Another bacterial protein targeting the same Wnt/β-catenin signaling pathway is the Bacteroides
fragilis toxin (bft) produced by B. fragilis [46]. The bft virulence factor is able to bind to the E-cadherin
protein, similar to that of FadA, but additionally cleaves the protein, which can alter the intestinal
tight-junction function [47]. The Wnt/β-catenin pathway is a major signaling pathway that controls the
expression of many important tumor-related genes, including MYC. The transcription factor MYC,
transactivates miRNAs, such as the miR-17-92 cluster, that are highly expressed in CRC [48–51].

Additionally, F. nucleatum can also induce CRC cell proliferation by upregulating miR-21, via
activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway via
toll-like receptor 4 (TLR4) signaling [52]. The Escherichia coli bacterium harboring the pks genomic
island also plays an important role in CRC. When CRC cells come in contact with the colibactin
genotoxin produced by E. coli, the cells undergo cellular senescence [53,54]. This process is mediated
by the cellular upregulation of miR-20a-5p, which results in the downregulation of sentrin-specific
protease 1 (SENP1). This process then alters p53 small ubiquitin-like modifier (SUMO)ylation, which
has been shown to affect the growth and metastasis of tumor cells [55].

In addition to factors that are virulent, many bacteria also produce beneficial factors that can
reduce inflammation and modulate the immune system. In germ-free mice, early studies found
impaired intestinal immune systems, which were amenable to treatment [56]. Specifically, the B. fragilis
polysaccharide A (PSA) is one such immunomodulatory factor that maintains the proper function
of CD4+ T cells [57]. Several other polysaccharides produced by B. fragilis are also beneficial in
maintaining proper immune function. Immunization with B. fragilis polysaccharides, or the adoptive
transfer of T cells specific to B. fragilis, can even boost the treatment effect of anti-cytotoxic T-lymphocyte
antigen 4 (CTLA-4) immunotherapy [58]. The seemingly conflicting role of B. fragilis within gut bacteria
is only the tip of the iceberg in current microbiota research and the fine and highly complex balance
between functions.

In light of all this evidence, we created the first system-level map of interactions between host
miRNAs and the microbiota [3]. Our comprehensive map helped us analyze correlations between host
miRNA expression levels and mucosa-associated microbiota profiles, specifically in patients with CRC.

3. MicroRNAs and Colorectal Cancer

Previous studies have identified numerous aberrant miRNA expression patterns in CRC [25,59–62].
Specifically, the miR-17-92 cluster, miR-21, miR-182, and miR-503 are consistently overexpressed in
tumor (vs. normal) tissues [3,26,48,49,59,63–71]. Any alteration(s) in expression levels of these miRNAs
could, in turn, affect a wide array of downstream gene targets. Together, these miRNAs regulate all
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aspects of tumor pathobiology, including (i) altering tumor metabolism; (ii) promoting cell proliferation;
(iii) stimulating angiogenesis; (iv) down-regulating tumor-suppressor genes; (v) promoting evasion of
immune surveillance; and (vi) creating a favorable tumor microenvironment that promotes invasion
and metastasis.

Our laboratory previously reported that, during the adenoma to adenocarcinoma transition,
miR-182 and miR-503 were sequentially overexpressed and targeted the tumor-suppressor FBXW7
gene [69]. Other researchers have observed, during CRC transformation, an increased expression
of the miR-17-92 cluster and miR-21 [48,72]. In CRC adenocarcinoma, members of the miR-17-92
cluster target transforming growth factor-beta (TGF-β), which in turn stimulates angiogenesis in the
tumor microenvironment, thus promoting tumor growth [70]. Additionally, miR-19, a member of
the miR-17-92 cluster, downregulates expression of the tumor-suppressor phosphatase and tensin
homolog (PTEN), thereby activating the protein kinase B (AKT)/mammalian target of rapamycin
(mTOR) pathway in tumor cells [73]. The AKT/mTOR pathway is the main metabolic sensing pathway,
responsible for regulating glucose transport into cells [74]. Since glucose is the main fuel source of
CRC cells, an activated AKT/mTOR pathway promotes tumor cell proliferation [75].

The tumor-suppressor PDCD4 gene, which is commonly downregulated in CRC, is a target of
miR-21 [67]. Inhibiting the PDCD4 gene can lead to an increase in the metastasis potential of tumor cells.
Another important pathway commonly altered in CRC tumors is the Wnt/β-catenin pathway [25,26].
Dozens of miRNAs have been shown to extensively regulate the genes involved in the Wnt/β-catenin
pathway [25].

The complex microenvironment of the CRC tumor also involves stromal cell and immune cell
fractions, which can be regulated by cancer-derived miRNAs [76–78]. Studies have found that
the miR-17-92 cluster, commonly overexpressed in CRC cells, is also upregulated in CRC stromal
cells [68,72,79]. Strikingly, these miRNAs are not only endogenously produced by stromal cells,
but also packaged in the microvesicles of tumor cells, and then delivered to stromal cells [80,81].
Similar intracellular regulation mediated by miRNAs is also found in immune cell fractions [82].
Additionally, endogenous miRNA dysregulation is prevalent in CRC immune cell fractions, usually as
a downstream effect of tumor-secreted factors such as cytokines and chemokines [83–85]. Collectively,
this evidence suggests that miRNAs are important in regulating tumor cells, in addition to maintaining
the tumor microenvironment. It is clear that the relationship between miRNAs and CRC is multifaceted,
interrelated, and highly complex.

4. Host Regulation of Microbiota Mediated by MicroRNAs

In reestablishing germ-free mice with a normal microbiota, studies have found altered intestinal
miRNA profiles, suggesting that the microbiota regulates host miRNA expression [86,87]. Moreover,
the responses of intestinal cells to facilitating the microbiota process depends on the cell type, and
intestinal epithelial stem cells are especially sensitive to microbiota reestablishment [87].

Because miRNAs are highly stable, several studies in the clinical arena were able to detect
higher levels of miR-21 and miR-92a, among other miRNAs, in the fecal samples of patients with
CRC [65,88,89]. This finding facilitated in developing a noninvasive CRC screening method and
delineating the potential role of miRNAs in interacting with the trillions of microbes in the human gut.

Intestinal miRNAs develop from two main sources, including the host and the food [23,24].
The intestinal epithelial cells are the main contributors of host-derived miRNAs, either via shedding
of cells or excretion of exosomes. Evidence has shown that miRNAs from food can be absorbed
by the host and can affect host gene expression [90–92]. But certain food-sourced miRNAs remain
stable in the digestive tract and reach the intestines [93,94]. This evidence suggests that miRNAs can
mediate cross-species regulation. The idea remains nascent, so insight into how miRNAs mediate
host–microbiota interactions is still limited. Liu et al. first demonstrated such regulation, showing that
miRNAs present in the feces can regulate gene expression and growth of bacteria [23]. Specifically,
they found that mice lacking the Dicer gene, which enables mature miRNA processing, had different
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microbiota profiles than wild-type mice. More importantly, the study reported that hsa-miR-515-5p
promoted the growth of F. nucleatum in vitro by targeting the 16S ribosomal RNA (rRNA) gene.

Notably, however, hsa-miR-515-5p shows very low expression levels in CRC tumors, so they
are not significantly different from normal tissue. Thus, interactions between hsa-miR-515-5p and
F. nucleatum might not be significant in CRC pathogenesis. However, more importantly, this study
found that fecal miRNA transplantation restores fecal microbiota composition in mice with Dicer
gene knockout. Several recent studies found that fecal microbiota transplantation (FMT) offers a
potential therapeutic benefit that enables an immunotherapeutic response [35,95–98]. Based on growing
evidence, it is plausible that fecal miRNAs play an important role in modulating the CRC microbiota
as well as immunotherapy responses.

Recently, Teng et al. demonstrated that miRNAs encapsulated in plant-derived exosome-like
nanoparticles (ELNs) can enter bacteria and alter bacterial genes [24]. The process for bacterial uptake
of ELNs is determined primarily by the lipid composition of the outer membrane. They found that
ELNs enriched with phosphatidylcholine were preferentially taken up by the Ruminococcus species,
whereas ELNs enriched with phosphatidic acid (PA) were primarily taken up by Lactobacillus rhamnosus.
After the ELNs are taken up by specific bacteria, the miRNA contents are released into bacterial
cells. Teng et al. also found that mdo-miR7267-3p encapsulated in the PA-enriched ELNs targets the
Lactobacillus monooxygenase ycnE, which then increases its production of indole-3-carboxaldehyde
(I3A). The I3A metabolite then promotes interleukin-22 (IL-22) production and helps repair damaged
colon mucosa [99].

There is developing evidence to support the notion that host or exogenous miRNAs might be
biologically active in bacteria, thereby affecting bacterial gene expression. Although small RNAs
similar to miRNAs exist in bacteria and function similarly to miRNAs, it remains unknown as to
how miRNAs function in bacteria [100]. Several studies have reported that exogenous miRNAs from
plant or animal sources can be taken up by human cells and exert biological functions [90–94,101–103].
Additional studies are required to ascertain whether miRNAs can indeed affect bacteria and to delineate
the precise mechanism(s).

5. Metabolic Changes in Colorectal Cancer and Microbiota Mediated by MicroRNAs

The prevailing “driver-passenger” model suggests that dysbiosis in the CRC microbiota is
initially caused by colonization of driver bacteria. This is followed by a gradual change in the
tumor microenvironment, an increase in the number of driver bacteria, and secondary colonization
of passenger bacteria that benefit from the changed environment [104]. That model, together with
other studies, suggest that a gradual metabolic change in the tumor microenvironment during cancer
progression could be the cause of dysbiosis [31]. Again, we explored that issue in our recent review of the
role of miRNAs in mediating the effect of microbial metabolites on CRC and its microenvironment [39].

One of the hallmarks of tumor growth is their increased use of glycolysis as a main energy source,
known universally as the Warburg effect [105]. Because the normal colon uses butyrate as its major
energy source, any change in that source preferred by proliferating tumor cells will undoubtedly
profoundly alter the nutrient composition of the tumor microenvironment [106,107]. Indeed, several
studies have found altered metabolite levels in CRC tissues and stools [107–110]. A significantly lower
glucose level and higher levels of lactate and fatty acids have been found in CRC tumor tissues, as
compared with adjacent normal tissues. In stool samples from patients with CRC, a higher level of
amino acids and a lower level of fatty acids have also been observed [108]. Interestingly, the CRC
microbiota has shown reduced carbohydrate metabolism and an increase in the biosynthesis of amino
acids and fatty acids [41]. In CRC, the switch in the nutrient source preferred by proliferating tumor
cells appears to alter the nutrient composition in the tumor microenvironment. At the same time,
the nutrient metabolism of the tumor microbiota seems to complement the nutrient needs of the
tumor. This could be due to factors associated with the tumor nutrient microenvironment, and by
the miRNAs excreted by tumor cells, on the surrounding microbiota [3]. Given the role of miRNAs
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in mediating such metabolic changes, we believe that miRNAs play a central, if not critical role, in
mediating host–microbiota metabolic interactions in CRC.

6. Conclusions and Perspectives

With thousands of bacterial species living in the human digestive tract, it is becoming quite
evident that they profoundly affect human health. Our review of the recent literature regarding CRC
underscores a complex metabolic interplay between the host and its microbiota, mediated in part by
miRNAs. Based on the current literature, we offer five major points in host–microbiota interactions
mediated by miRNAs (Figure 1):

1. The CRC microbiota has reduced representation of beneficial bacteria. These bacteria produce
metabolites and other factors that can potentially slow CRC progression, in part via the modulation
of miRNAs that regulate tumor cells.

2. Dysregulation of miRNAs in tumor cells can affect the survival, or the gene expression, of certain
bacteria in the microbiota.

3. Dysregulated miRNAs in tumor cells can be packaged and delivered to both stromal and immune
cell fractions, creating a more favorable microenvironment for tumor cells.

4. Overrepresentation of oncogenic bacteria in the CRC microbiota can modulate tumor cells, as
well as the tumor microenvironment, through miRNA modulation, thereby resulting in a more
favorable condition for tumor growth.

5. This negative feedback loop perpetuates CRC progression.

Potential methods to break such a negative feedback loop include:

1. Interfering with host-mediated microbiota modulation by designing strategies to deliver
anti-miRNAs to block the effect of host-miRNAs on the microbiota.

2. Modulating the microbiota through miRNAs that promote the growth of beneficial bacteria
while suppressing the growth of oncogenic bacteria, in conjunction with chemotherapy
or immunotherapy.

Based on both experimental and computational data, we conclude that miRNAs mediate and
critically influence host–microbiota interactions. Clearly, miRNAs are a major part of a complex web of
highly dynamic interactions. Other factors, such as nutrient availability in the CRC microenvironment,
could also play an important role. In the future, it will be imperative to use a combination of approaches
to comprehensively survey the CRC microenvironment, in order to discover all potential players in
mediating such interactions.
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Abstract: The microRNA (miR)-17 family is widely expressed in mammalian tissues and play
important roles in various physiological and pathological processes. Here, the functions of
miR-106a-5p, a member of miR-17 family, were explored during myogenic differentiation in C2C12
cell line. First, miR-106a-5p was found to be relatively lower expressed in two-month skeletal
muscle tissues and gradually decreased upon myogenic stimuli. Forced expression of miR-106a-5p
significantly reduced the differentiation index, fusion index as well as the expression of myogenic
markers (MyoD, MyoG, MyHC, Myomixer, Myomarker). Meanwhile, the levels of phosphorylated
AKT were reduced by overexpression of miR-106a-5p, and administration of insulin-like growth
factor 1 (IGF1), a booster of myogenic differentiation, could recover all the inhibitory effects above
of miR-106a-5p. Furthermore, miR-106a-5p was elevated in aged muscles and dexamethasone
(DEX)-treated myotubes, and up-regulation of miR-106a-5p significantly reduced the diameters of
myotubes accompanied with increased levels of muscular atrophy genes and decreased PI3K/AKT
activities. Finally, miR-106a-5p was demonstrated to directly bind to the 3’-UTR of PIK3R1, thus,
repress the PI3K/AKT signaling.

Keywords: miR-106a-5p; myogenic differentiation; muscle atrophy; PIK3R1; C2C12 cell line

1. Introduction

Skeletal muscle comprises approximately 50% of the body’s weight and is an endocrine
and paracrine organ that plays a key role in the maintenance of the internal environment
and homeostasis [1]. Myogenesis is an ordered and extremely complicated process, including
myoblasts proliferation, withdrawal from the cell cycle, fusion into multinucleated myotubes, and
hypotrophy/atrophy [2]. During muscle development, Myf5, MyoD and MRF4 are myogenic
determination factors, and Myogenin is a downstream effector of MyoD and MRF4, and activate
the myogenic differentiation program [3,4]. It has been reported that many pathways are involved
in myogenesis, such as Wnt/β-Catenin Signaling [5], the TGFβ signaling pathway [6,7], JAK/STAT
signaling pathway [8], and PI3K/AKT signaling pathway [9,10]. Recently, more and more microRNAs
(miRs) have been reported to participate in myogenesis, such as miR-127 [11], miR-133 [12],
miR-1/206 [13], and miR-432 [14]. However, there are still many miRs that remain to be discovered in
myoblasts differentiation and muscle formation.
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MiR is a class of evolutionarily conserved, regulatory noncoding RNAs of 18–24 nucleotides that
participate in the fine-tuning of many, if not all, fundamental biological processes, including skeletal
muscle development and muscle-related diseases [15,16]. MiRs have been exquisitely described to
control gene expression by binding to mRNA targets using the seed sequences, and miRs with the
same or similar seed sequences and origin are grouped into one family or cluster [15]. The miR-17
family consists of the miR-17-92 cluster, miR-106a-363 cluster and miR-106b-25 cluster [17], and the
miR-17 family has been well documented to influence the survival, differentiation and functions of
various kinds of mammalian cells [18,19]. However, the effects of miRs associated with the miR-17
family in myogenesis are controversial. MiR-17, miR-20a and miR-92a are reported to strongly
repress myoblasts differentiation by targeting Enigma homolog 1 (ENH1)/Inhibitor of differentiation 1
(Id1) [20]. Over the same period, Luo reported that miR-20a/b promoted quail muscle clone 7 (QM-7)
myoblasts differentiation by negatively regulating E2F1 [21]. Intriguingly, miR-106a-5p, a member
of the miR-106a-363 cluster, was reported to down-regulate during myogenic differentiation [22,23],
and its role in myogenic differentiation deserves to be analyzed.

PI3K (p85α), encoded by PIK3R1 gene, is a key protein involved in the PI3K/AKT signaling
pathway [24], which is essential for myogenic differentiation [25,26]. It has been recently shown
that PI3K/AKT signaling controls muscle-abundant miRs (myomiR) maturation during C2C12
myoblasts differentiation [27]. Insulin and insulin-like growth factor 1 (IGF1) are known as
physiological activators of PI3K/AKT signaling in different cell types, including C2C12 myoblasts [28].
Administration of IGF1 promotes myoblast proliferation, differentiation [25,29], and induces myotube
hypertrophy [30] by activating the PI3K/AKT signaling pathway. However, regulation of PIK3R1
by miR-106a-5p and how miR-106a-5p responds to IGF1 stimuli to regulate myogenesis are still
poorly understood.

In this study, we analyzed the expression profiles of miR-106a-5p and determined its role and
mechanism on myogenesis. Our study identified miR-106a-5p as a novel negative regulator for
myogenesis, and miR-106a-5p could repress differentiation and promote atrophy by blocking the
PI3K/AKT signaling pathway through targeting PIK3R1.

2. Materials and Methods

2.1. Ethics Statement

All experimental mice were operated on in accordance with approved guidelines of the Animal
Care and Use Committee of the Northwest A and F University, Yangling, China (NWAFU-314020038)
and the guidelines of the Animal Use Committee of the Chinese Ministry of Agriculture (Beijing,
China). Furthermore, C2C12 and HEK29T cell lines were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA).

2.2. Cell Culture

The C2C12 myoblasts (ATCC, USA) were used to determine the function of miR-106a-5p during
myogenesis. HEK293T (ATCC, USA) was employed for the luciferase reporter analysis. Cells were
cultured in Dulbecco’s Modified Eagle Media (DMEM, Gibco, ThermoFisher, Waltham, MA, USA)
supplemented with 10% FBS (Gibco) and 100 IU/mL penicillin-streptomycin at 37 ◦C with humidified
5% CO2 atmosphere. Upon shifting to a 2% horse serum containing medium, C2C12 myoblasts were
induced to fusion and differentiation. The medium was changed every day.

2.3. Animals

The C57BL/6 male mice were purchased from the Fourth Military Medical University Animal
Center (Xi’an, China) and raised in a controlled temperature (25 ± 1 ◦C) with a 12 h light/12 h dark
cycle. Tissues were collected from two-month and six-month old mice. All procedures with mice were
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in accordance with approved guidelines of the Animal Care and Use Committee of the Northwest A
and F University.

2.4. Transfections and Treatment of Myoblasts and Myotubes

To test the effects of miR-106a-5p on differentiating cells, myoblasts were seeded in 6-well or
12-well plates and transfected with 50 nM FAM-labeled miR-106a-5p agomir or negative control
(GenePharm, Shanghai, China) using Lipo Plus (Sagecreation, Beijing, China) in Opti-EME (Gibco)
according to the manufacturer’s instructions. Furthermore, 75 nM IGF1 recombinant protein
(Sino Biological, Beijing, China), a PI3K-AKT signaling activator, was used to recover the effects
of miR-106a-5p.

To test the effects of miR-106a-5p on well-differentiated myotubes (5 days post-differentiation),
myotubes were incubated with 50 μM Dexamethasone (DEX) for 36 h, then cells were harvested for
further analysis. Furthermore, myotube transfection (50 nM miR-106a-5p agomir or negative control)
was performed with Lipo Plus (Sagecreation) according to the manufacturer’s instructions, and cells
were harvested 36 h after transfection.

2.5. Real-Time Quantitative PCR

The total RNA was extracted with Trizol reagent (TakaRa, Ostu, Japan) as recommended
by the manufacturer, and the concentration and quality were analyzed by the NanoDrop 2000
(ThermoFisher). Then complementary DNA (cDNA) was synthesized by reverse transcription
kit (TakaRa). Real-Time quantitative PCR (RT-qPCR) was performed using Applied Biosystems
qPCR instrument (ThermoFisher) and SYBR green PCR Master Mix (Vazyme, Nanjing, China).
The expressions of all coding genes were normalized to β-actin, and U6 small RNA was the internal
reference when testing the level of miR-106a-5p. miRs quantification was determined by using
Bulge-loopTM miRNA qRT-PCR Primer Set (one RT primer and a pair of qPCR primers in each set)
specific for miR-106a-5p, designed and synthesized by RiboBio (Guangzhou, China) and other primers
which were synthesized by Invitrogen (Shanghai, China). The sequences were shown in Table 1.

Table 1. The primer sequences used for real-time quantitative PCR.

Name Forward Reverse

MyoD CCACTCCGGGACATAGACTTG AAAAGCGCAGGTCTGGTGAG
MyoG GAGACATCCCCCTATTTCTACCA GCTCAGTCCGCTCATAGCC
MyHC GCGAATCGAGGCTCAGAACAA GTAGTTCCGCCTTCGGTCTTG

Myomarker CCTGCTGTCTCTCCCAAG AGAACCAGTGGGTCCCTAA
Myomixer GTTAGAACTGGTGAGCAGGAG CCATCGGGAGCAATGGAA

MAFbx CAGCTTCGTGAGCGACCTC GGCAGTCGAGAAGTCCAGTC
MuRF1 GTGTGAGGTGCCTACTTGCTC GCTCAGTCTTCTGTCCTTGGA
β-actin GCCATGTACGTAGCCATCCA ACGCTCGGTCAGGATCTTCA

2.6. Western Blotting Analysis

Cells were harvested in radioimmunoprecipitation assay (RIPA) lysis buffer (Applygen
Technologies Inc., Beijing, China) supplemented with protease and phosphatase inhibitor cocktail
(Cwbiotech, Jiangsu, China). Protein concentration was determined by BCA Protein Assay Kit
(Cwbiotech) and 25 μg proteins per sample were loaded and separated using a 5% stacking gel
and a 10% separating gel. Separated proteins were transferred to PVDF membrane (CST, Boston,
MA, USA), and then the membrane was blocked in 5% BSA buffer for 2 h at room temperature, and
incubated with primary antibodies against MyoD (1:500, #NB100-56511SS, Novus Biologicals, Littleton,
CO, USA), MyoG (1:500, #NB100-56510SS, Novus Biologicals), MyHC (1:1000, #MAB4470, R and D
Systems, Minneapolis, MN, USA), p-PI3K (1:500, #4228S, CST, Danvers, MA, USA) and PI3K (p85α)
(1:500, #4257S, CST), p-AKT (1:1000, #4257S, CST) and AKT (1:1000, #9272S, CST), p-mTOR (1:1000,
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#5536S, CST) and mTOR (1:1000, #2983S, CST), MAFbx (1:500, #sc-166806, Santa Cruz, Dallas, TX,
USA), and MuRF1 (1:500, #C-11, Santa Cruz) at 4 ◦C overnight. After washing three times (10 min once)
in TBST, membranes were incubated with HRP-conjugated goat anti-mouse IgG (1:3000, #BA1050,
BosterBio, Wuhan, China) or goat anti-Rabbit IgG (1:3000, #BA1054, BosterBio) for 1.5 h at 4 ◦C.
Imaging and quantification of the bands were carried out by Gel Doc XR system (Bio-Rad, Hercules,
CA, USA) and Image Lab software (Bio-Rad).

2.7. Immunofluorescence Analysis

Differentiated C2C12 myotubes were fixed in 4% paraformaldehyde, permeabilized with 0.5%
Triton X-100, and then blocked in 5% BSA for 30 min. Later, myotubes were sequentially incubated
with anti-myosin heavy chain monoclonal antibody (1:200, #MAB4470, R and D Systems) overnight
and an Alexa Fluor 594-conjugated anti-mouse IgG (1:1000, #SA00006-3, Proteintech, Chicago, IL, USA)
for 1 h at 4 ◦C. Finally, nuclei were stained with DAPI. Images were captured with a fluorescence
microscope (Nikon, Tokyo, Japan). The myotubes with 1–3, and > 4 nuclei were counted, respectively.
The differentiation index was determined as the percentage of MyHC-positive nuclei among total
nuclei, and the myotube fusion index was determined as the distribution of the nucleus number in
total myotubes according to a previous report [31].

2.8. Luciferase Reporter Assays

The 3′-UTR of PIK3R1 including miR-106a-5p complementary sequences were synthesized by
GENERABIOL (Chuzhou, Anhui, China), and inserted into psiCHECKTM-2 Vector (Promega, Madison,
WI, USA). Wild-type or mutated constructs and miR-106a-5p agomir or negative control (NC) were
co-transfected. Transfected cells were analyzed 48 h post transfection with Dual Luciferase Reporter
Assay System (Promega) based on the instructions.

2.9. Statistical Analyses

Values are presented as the mean ± standard error of the mean (SEM), and statistical significance
of differences was determined by Student’s t-test or one-way analysis of variance (ANOVA) by IBM
SPSS Statistics 22.0 (Armonk, NY, USA). A p-value of < 0.05 was considered statistically significant.

3. Results

3.1. The Expression Profiles of miR-106a-5p in Mice

MiR-106a-5p was highly conserved among detected species based on the nucleotide sequences
(Figure 1A). MiR-106a-5p was widely expressed in various tissues in two-month mice, especially in
heart and kidney, but a small amount of expression was detected in skeletal muscle (Figure 1B). Further,
a significantly higher expression was found in Extensor Digitorum Longus (EDL) and Soleus muscle
(SOL) of six-month old mice than that of two-month (Figure 1C). Furthermore, the expression of
miR-106a-5p gradually decreased during myogenic differentiation in C2C12 cell line (Figure 1D),
while the expression levels of myogenic markers MyoD, MyoG, and MyHC were significantly
up-regulated (Figure 1E–G).
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Figure 1. The profiles of miR-106a-5p in mice. (A) The homology comparison of microRNA
(miR)-106a-5p between different species. mmu: mus musculus; ssc: sus scrofa; has: homo sapiens;
mml: macaca mulatta; ptr: pan troglodytes; oar: ovis aries. Nucleotides with the same shadow were
conserved across species. (B) The expression level of miR-106a-5p in different tissues of two-month-old
mice. White adipose: subcutaneous white adipose; Skeletal muscle: tibialis anterior muscle.
(C) The expression profiles of miR-106a-5p in skeletal muscles of two-month-old and six-month-old
mice. EDL: extensor digitorum longus; SOL: soleus. (D–G) Real-time quantitative PCR (RT-qPCR)
analysis of miR-106a-5p, MyoD, MyoG, MyHC expression during myoblast differentiation (n = 3
per group). D: days. Data were presented as mean ± standard error of the mean (SEM). * p < 0.05,
** p < 0.01.

3.2. MiR-106a-5p Suppresses Myoblast Differentiation by Inhibiting the PI3K-AKT Signaling Pathway

Cells were transfected with FAM-labeled miR-106a-5p agomir when reaching 80~90% confluence
and then induced to myogenic differentiation at full confluence. Transfection increased miR-106a-5p
expression level by around 100-fold (Figure 2A), and almost all cells were FAM positive (Figure 2B).
Overexpression of miR-106a-5p significantly decreased the quantity of MyHC positive cells (Figure 2C).
In addition, the percentage of multinucleated myotubes, myotube size and myotube fusion index were
significantly decreased in cells transfected with miR-106a-5p (Figure 2D–F). Moreover, myogenic
regulatory factors (MyoD, MyoG, and MyHC) were down-regulated by miR-106a-5p agomir
(Figure 2G–L). Consistently, the expression of fusion genes, Myomixer and Myomarker, were inhibited
by enforced miR-106a-5p (Figure 2I,J). Furthermore, the phosphorylations of AKT (ser473) was
significantly inhibited by miR-106a-5p agomir, although the phosphorylations of mTOR (ser2448) and
PI3K (p85α) were not significantly changed (Figure 2M,N). Collectively, these results suggested
that miR-106a-5p could interfere with C2C12 myoblast differentiation and fusion by blocking
PI3K-AKT signaling.

In addition, treatment of 75 nM IGF1 recombinant proteins during myogenic differentiation
significantly increased the number of myotubes, differentiation index, and multinucleated myotube
fusion index (Figure 3A–D), and dramatically reduced the expression of miR-106a-5p (Figure 3E).
Furthermore, IGF1 up-regulated the expression of MyoD, MyoG, and MyHC (Figure 3F–H),
triggered the activation of PI3K/AKT signaling pathway, stimulated the phosphorylation of AKT
(ser473) (Figure 3G,I). Notably, IGF1 fully restored miR-106a-5p-induced inhibitory effects on
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myogenic differentiation, suggested by the increased MyHC positive cells, differentiation index,
and multinucleated myotube fusion index (Figure 3J,M) and up-regulated expression of MyoD,
MyoG, MyHC (Figure 3N–P). Furthermore, the reduced AKT (ser473) phosphorylation induced
by miR-106a-5p was also relieved by recombinant IGF1 protein (Figure 3O,P).

Figure 2. MiR-106a-5p inhibited the myogenic differentiation of C2C12 myoblasts. (A) Overexpression
efficiency of miR-106a-5p 3 days (d) and 5 d post differentiation. NC: negative control;
(B) The fluorescent microscopy images of C2C12 cells transfected with FAM-labeled miR-106a-5p
agomir (×10). Scale bars = 500 μm; (C) Immunostaining for MyHC (red) and DAPI (blue) on 5 d post
differentiation (×20). Scale bars = 100 μM; (D–F) The statistical results of differentiation index, fusion
index and the populations of myotubes, respectively;1-3 indicates myotubes with 1, 2 or 3 nucleus,
>4 indicates myotubes with 4 more nucleus; (G,H) The mRNA expression of MyoD, MyoG, MyHC
on 3 d and 5 d post differentiation; (I,J) The mRNA expression of Myomarker and Myomixer 3 d
and 5 d post differentiation; (K) The statistical results of MyoD, MyoG, MyHC proteins in Figure 2L;
(L) Western blot analyzed for MyoD, MyoG, MyHC proteins 5 d post differentiation; (M) Protein levels
of key molecules in PI3K-AKT pathway in C2C12 cells transfected with miR-106a-5p agomir or NC on
5 d post differentiation; (N) The statistical analysis of phosphorylated PI3K (p85α), AKT (sre473) and
mTOR (ser2448). Data were presented as mean ± SEM. n = 3 per group. * p < 0.05, ** p < 0.01.
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Figure 3. Insuline-like growth factor (IGF1) antagonized the effects of miR-106a-5p on myogenic
differentiation in C2C12. All data were collected from C2C12 myotubes 5 d post differentiation.
(A) MyHC immuno-staining of cells incubated in differentiation medium with or without 75 μM IGF1
recombinant protein. Scale bars = 200 μm; (B–D) The statistical results of differentiation index, fusion
index and the populations of myotubes, respectively; (E) The expression of miR-106a-5p upon IGF1
stimuli; (F) The mRNA levels of MyoD, MyoG, MyHC in myoblasts cultured in differentiation medium
containing 75 μM IGF1 recombinant protein or not; (G) Western-blot analysis of myogenic regulatory
factors (MyoD, MyoG, MyHC) and key molecules in PI3K-AKT pathway in cells; (H,I) The statistical
results of Figure 3G; (J) Immunostaining of MyHC (red) and DAPI (blue). Scale bars = 200 μm;
(K–M) The statistical results of differentiation index, fusion index and the populations of myotubes,
respectively; (N) The mRNA levels of MyoD, MyoG, MyHC; (O) Western blot analysis for MyoD,
MyoG, MyHC and p-AKT/AKT upon IGF1 challenge; (P) Statistical analysis of MyoD, MyoG, MyHC
and p-AKT/AKT levels in Figure 3O. Data were presented as mean ± SEM. n = 3 per group. * p < 0.05,
** p < 0.01.
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3.3. MiR-106a-5p Contributes to C2C12 Myotubes Atrophy by Suppressing PI3K-AKT Signaling Pathway

Expressions of miR-106a-5p, as well as MAFbx and MuRF1 in C2C12 myotubes, were significantly
elevated with the treatment of 50 μM DEX (Figure 4A). DEX significantly reduced the diameter of
C2C12 myotubes (Figure 4B,C), indicating muscle atrophy. In addition, expressions of miR-106a-5p
together with MAFbx, not MuRF1 were much higher in tibialis anterior (TA) muscles of six-month
mice than that of two-month mice (Figure 4D).

In well-differentiated C2C12 myotubes, miR-106a-5p agomir was transfected to confirm its
function in regulating myotubes atrophy. The overexpression efficiency of miR-106a-5p agomir
was 30,000-fold higher than NC (Figure 4E), and the FAM-labeled miR-106a-5p agomir could be
observed in almost all myotubes (Figure 4F). Moreover, enforced miR-106a-5p expression significantly
decreased the diameter of C2C12 myotubes (Figure 4G,H) and increased the expression of MAFbx
both at mRNA and protein levels (Figure 4I,J,L). The protein levels of another atrophy marker,
MuRF-1 were also significantly enhanced by miR-106a-5p agomir (Figure 4J,L). Again, enhanced
miR-106a-5p expression significantly repressed the phosphorylation of AKT (ser473) (Figure 4M).
Together, these results indicated that miR-106a-5p promote C2C12 myotubes atrophy by repressing
PI3K/AKT signaling pathway.

Figure 4. Cont.
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Figure 4. MiR-106a-5p contributed to myotubes atrophy. (A) Expression level of miR-106a-5p, MAFbx and
MuRF1 mRNA after incubated with Dexamethasone (DEX) 36 h; (B) Morphological change of myotubes
after DEX treatment 36 h (×20). Scale bars = 100 μm; (C) Relative diameter of myotube in Figure 4B;
(D) RT-qPCR determined the expression of miR-106a-5p, MAFbx and MuRF1 in tibialis anterior (TA) muscle
from two-month and six-month old mice (n = 5 per group); (E) Expression level of miR-106a-5p in C2C12
myotubes transfected with miR-106a-5p agomir or negative control for 36 h; (F) The fluorescent microscopy
image of C2C12 cells transfected with FAM-labeled miR-106a-5p agomir. Scale bars= 100 μm; (G) The
myotubes white light images after being transfected 36 h (×20); (H) Relative diameter of myotube from
Figure 4G; (I) RT-qPCR analysis showed up-regulated MAFbx expression in C2C12 myotubes transfected
with miR-106a-5p agomir 36 h; (J,L) Western blot showed that miR-106a-5p positively regulated analysis
MAFbx and MuRF1 in C2C12 myotubes; (K,M) miR-106a-5p suppressed PI3K/AKT pathway in C2C12
differentiated myotubes. Results are presented as the mean ± SEM. n = 3 per group. * p < 0.05, ** p < 0.01.

3.4. PI3K (p85α) Is a Target Gene of miR-106a-5p in Differentiating and Well-Differentiated C2C12 Cells

PIK3R1, encoding PI3K (p85α) protein, is predicted to be a putative target of miR-106a-5p by
TargetScan (http://www.targetscan.org/). Therefore, the 3′ untranslated region (3′UTR) of PIK3R1
(W: wild-type; M: mutant type) was cloned into psi-CHECKTM-2 backbone (Figure 5A). In addition,
transfection of miR-106a-5p mimics significantly repressed the expression levels of PI3K (p85α) protein
(Figure 5B,C) both in differentiating and well-differentiated C2C12 cells. Furthermore, luciferase assays
confirmed that miR-106a-5p could bind to the wild-type of 3′UTR of PIK3R1, instead of the mutated
one (Figure 5D).

Figure 5. PI3KR1 was demonstrated to be a target of miR-106a-5p in C2C12 cells. (A) The schematic map
of psiCHECK-PIK3R1 3′ UTR luciferase reporter constructs (hRluc: synthetic Renilla luciferase gene;
HSV-TK: herpes simplex virus type 1 thymidine kinase promoter; hluc+: synthetic firefly luciferase
gene; W: wild-type; M: mutant type); (B,C) Western blot analysis the expression of PI3K (p85α) protein
(n = 3 per group); differentiating, 3 d post differentiation; well-differentiated, 36 h post transfection
of myotubes; (D) The psiCHECK-PIK3R1 3′ UTR plasmid were co-transfected into 293 T-cells with
miR-106a-5p agomir or NC. Luciferase activities were measured 48 h after transfection (n = 5 per group).
Data were presented as mean ± SEM. * p < 0.05, ** p < 0.01.
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4. Discussion

Previous studies reveal a critical requirement for miR-106a at the early mammalian development.
MiR-106a is differentially expressed in developing mice embryos and functions to control
differentiation of stem cells [32]. In addition, miR-106a is down-regulated in myoblasts
differentiation [22,23]. In our study, miR-106a-5p was observed to decrease in a time-dependent
manner during myogenic differentiation in C2C12 cells and is relatively lower expressed in adult
skeletal muscle. These data indicate that miR-106a-5p might be a negative regulator for myogenesis.
However, there was no significant difference in the expression of miR-106a-5p in fast EDL and slow
SOL muscle, suggesting miR-106a-5p might have limited effects on muscle fiber type transition.

Given that miR-106a-5p was down-regulated in C2C12 myogenic differentiation, miR-106a-5p
agomir was used to explore the effects of miR-106a-5p on myogenesis. Here, transfection of
miR-106a-5p agomir significantly reduced the differentiation index, fusion index as well as the
expression levels of myogenic markers, suggesting miR-106a-5p could dramatically repress myogenic
differentiation. Meanwhile, enforced expression of miR-106a-5p significantly reduced the level of
p-AKT (ser473) in C2C12 myoblasts. It has been well documented that PI3K/AKT is a crucial signaling
pathway to promote myogenesis and induce muscle hypertrophy [33,34]. IGF1 is a stimulator of
PI3K/AKT signaling during muscle differentiation [35]. In our study, administration of 75 nM IGF1
recombinant protein totally reversed the inhibitory effects of miR-106a-5p. Taken together, miR-106a-5p
might interrupt C2C12 myoblasts differentiation by disrupting AKT activity.

Furthermore, miR-106a-5p is previously reported to be upregulated in limb-girdle muscular
dystrophies types 2A and 2B and is involved in muscular disorders [36]. In the present
study, miR-106a-5p accompanied with atrophic factors were up-regulated in aged muscles and
DEX-treated myotubes, and overexpression of miR-106a-5p was sufficient to reduce the diameters of
well-differentiated myotubes in vitro, indicating miR-106a-5p might be involved in muscle atrophy.
During miR-106a-5p-induced muscle atrophy, decreased phosphorylated AKT (ser473) was observed.
Similarly, miR-18a, a member of miR-17-92 cluster, is demonstrated to decrease during myogenic
differentiation and promotes muscle atrophy by targeting IGF1 [37]. Collectively, our data indicate
that miR-106a-5p might induce myotube atrophy through blocking the AKT signaling pathway.

In our study, pan-PI3K (p85α) protein levels were repressed by enforced miR-106a-5p agomir
in both differentiating and well-differentiated myotubes. PI3K (p85α), encoded by PIK3R1 gene,
is a regulatory subunit of PI3Ks and essential for myoblasts proliferation and differentiation [24,38].
Germline deletion of the PIK3R1 gene leads to impaired muscle growth, and a significant reduction
in muscle weight and fiber size [39]. Moreover, PI3KR1 was identified as the target of miR-128a [40]
and miR-29b in muscle cells [41]. Here, the luciferase reporter assay showed that miR-106a-5p directly
bound to the PIK3R1 3′ UTR, and PI3KR1 is a novel target of miR-106a-5p in C2C12 cells.

In conclusion, miR-106a-5p is identified as a novel repressor of myogenesis, and miR-106a-5p
represses differentiation and promotes atrophy by blocking the PI3K-AKT signaling pathway through
targeting PIK3R1.
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Abstract: Somatostatin (SST) analogues are used to control the proliferation and symptoms of
neuroendocrine tumors (NETs). MicroRNAs (miRNA) are small non-coding RNAs that modulate
posttranscriptional gene expression. We wanted to characterize the miRNAs operating under the
control of SST to elucidate to what extent they mediate STT actions. NCI-H727 carcinoid cell line was
treated with either a chimeric SST/dopamine analogue; a SST or dopamine analogue for proliferation
assays and for identifying differentially expressed miRNAs using miRNA microarray. The miRNAs
induced by SST analogue treatment are investigated in carcinoid cell lines NCI-H727 and CNDT2
using in situ hybridization, qPCR and proliferation assays. SST analogues inhibited the growth of
carcinoid cells more potently compared to the dopamine analogue. Principal Component Analysis
(PCA) of the samples based on miRNA expression clearly separated the samples based on treatment.
Two miRNAs which were highly induced by SST analogues, miR-7 and miR-148a, were shown to
inhibit the proliferation of NCI-H727 and CNDT2 cells. SST analogues also produced a general
up-regulation of the let-7 family members. SST analogues control and induce distinct miRNA
expression patterns among which miR-7 and miR-148a both have growth inhibitory properties.

Keywords: somatostatin analogues; neuroendocrine tumors; cancer; miRNAs; miR-148a; miR-7; let-7

1. Introduction

Gastro-Entero-Pancreatic neuroendocrine neoplasms (GEP-NEN) are generally slow growing
tumors originating from neuroendocrine cells in the gastro-intestinal tract, the diffuse neuroendocrine
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system, pancreas and the bronco-pulmonary system [1]. According to the World Health Organization
(WHO) 2010 classification [2] GEP-NEN can be classified according to Ki67 index and/or mitotic
count into neuroendocrine tumors (NETs, NET-G1 and NET-G2) and neuroendocrine carcinomas
(NEC G3) [2,3]. The bronco-pulmonary NENs are classified according to mitoses pr. 2 mm2 and the
presence or absence of necrosis according to the 2015 WHO classification [4]. This separates small-cell
and large-cell, poorly differentiated based on mitosis only, and the typical carcinoids (TCs) and atypical
carcinoids (ACs) by <2 mitoses per 2 mm2/no necrosis and 2–10 mitoses per 2 mm2/with focal necrosis.
In general, NETs of the lung comprise <20% of all lung cancers, and TCs and ACs comprise 1–2%
of these [4,5]. The yearly incidence of GEP-NENs and bronco-pulmonary NENs is 2–3 and 0.2–2
per 1,000,000 inhabitants respectively, but this has been increasing during the last decades [1,6–8].
TCs share homologies with G1 GEP-NENs and ACs with G2 GEP-NENS coinciding with the fact that
ACs are more malignant in nature and more prone to metastasize compared to TCs [8,9]. The clinical
picture depends on the site of the primary tumor and its ability to secrete neuroamines and/or
peptides at supra-physiological levels (functioning tumors) as the clinical syndrome depends on the
transmitter/hormone secreted [10]. However, most of the GEP-NENs and bronco-pulmonary NENs
are silent or ‘non- functional’, as they either do not secrete any transmitters/hormones or the one they
secrete does not cause clinical symptoms [10,11]. The lack of endocrine symptoms in these patients
often delays the diagnosis until the presence of symptoms caused by the mass effect and/or the
presence of metastases, mainly hepatic metastases [12]. In patients with localized low grade GEP-NETs,
the 5- year survival rate is 60–100% whereas patients with regional disease or distant metastases have
40% and 29% 5-year survival rates respectively [13]. In bronco-pulmonary NENs the overall survival
is higher in TCs versus ACs with a 5-year survival rate of 90% and 60% respectively and increases with
resectable tumors [14].

A common feature for endocrine cells is that both their secretion and growth can be inhibited by
somatostatin (SST) [15]. In the nervous tissue, SST acts like a neurotransmitter and a neuromodulator.
In the gastrointestinal tract, SST is expressed by specialized endocrine cells and acts as a paracrine
factor [16]. The somatostatin receptors (SSTRs) belong to the G-protein coupled receptor family
and there are five different SSTR subtypes (SSTR1-5), all differently expressed by neuroendocrine
cells [17]. Seventy to ninety percent of all GEP-NET express SSTRs and tumors expressing SSTRs
often contain one or more receptor subtypes, most often SSTR1, 2, 3 and 5, whereas SSTR4 is less
commonly seen in endocrine tumors [18]. This has made SST useful for both visualization and
treatment [19,20]. The expression is also related to the tumor grade, since the receptors are preferably
expressed in low grade tumors, whereas the expression of some receptor subtypes is reduced in the
more dedifferentiated tumors [21]. The different SSTR subtypes all bind the endogenous ligands;
SST14, SST 28 and cortistatin; with equally high affinity in the nanomolar (nM) range. The widespread
expression of SSTRs by a large number of human tumors and the biological actions of SSTRs form
the basis for in vivo tumor targeting. However, the short half-life in circulation (1–3 min) of the
endogenous SST peptides makes them unsuited for therapy [22]. Therefore a number of synthetic
analogues with longer half-lives, such as somatostatin SMS201-995 (Octreotide), RC-160 (Vapreotide),
BIM-23014 (Lanreotide), MK678 (Seglitide) and SOM-230 (Pasireotide LAR), were developed and
are currently in clinical use [23,24]. Surgical removal is the optimal treatment for GEP-NENs and
bronco-pulmonary NENs, and somatostatin analogue (SSA) treatment constitutes the gold standard
for symptomatic and anti-proliferative control [8,25].

MicroRNAs (miRNAs) are small non-coding RNA molecules (on average 20–23 nucleotide (nt)
long) that modulate gene expression by binding to complementary sequences on target messenger RNA
(mRNAs). This predominantly results in a decrease of target mRNA levels [26]. An increasing number
of studies indicate that miRNAs are involved in many important biological processes, including
proliferation, apoptosis, differentiation, angiogenesis and immune response. miRNA deregulation
leads to aberrant gene expression in various diseases and dysregulation of miRNA expression have
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been shown to be involved in cancer development [27]. We therefore wanted to examine which miRNA
operate under the control of SST and if they contribute to the growth- inhibitory effects of SST.

2. Materials and Methods

2.1. Cell Lines and Tissue Culture

Four human carcinoid cell lines, two intestinal (CNDT2 and HC45) and two of pulmonary origin
(NCI-H720 and NCI-H727) were used for experiments.

CNDT2 is a human midgut carcinoid cell line kindly provided by Lee M. Ellis M.D. Anderson
Center Texas USA [28] and grown in DMEM/F12 with 15 mM HEPES (Life Technologies,
Carlsbad, CA, USA) supplemented with 10% FBS (Th. Geyer GmbH, Stuttgart, Germany), penicillin
100 U/mL and streptomycin 100 μg/mL (Life Technologies), 5 mL Sodium pyruvate 100 mM
(Sigma-Aldrich, St. Louis, MO, USA), 5 mL MEM NEAA 100x (Life Technologies), 5 mL L-Glutamine
200 mM 100x (Life) and 10 ng/mL NGF (Life Technologies) and kept at 37 ◦C/5% CO2. HC45 is a
human ileal carcinoid cell line kindly provided by Ricardo V. Lloyd Mayo Clinic [29] and kept in RPMI
1640/Glutamax (GIBCO, Waltham, MA, USA) supplemented with 10% FBS, 1% P/S and 10 ng/mL
Insulin (Invitrogen, Carlsbad, CA, USA) at 37 ◦C and 5% CO2.

NCI-H720 is an atypical and NCI-H727 is a typical human pulmonary carcinoid cell line
obtained from ATCC (Boras, Sweden). Both cell lines were cultured in RPMI 1640 Glutamax
supplemented with 10% FBS, penicillin 100 U/mL and streptomycin 100 μg/mL, 1 mM Sodium
Pyruvate (Life Technologies) at 37 ◦C and 5% CO2.

For experiments involving seeding cells into new plates, cells were always allowed to
adhere overnight.

2.2. Tumor Tissue

Five formalin-fixed and paraffin-embedded (FFPE) tissue samples of carcinoid tumors (see Table 1),
obtained from the Department of Pathology (Rigshospitalet, Copenhagen, Denmark), were used
for Laser Capture Microdissection, qPCR and in situ hybridization, see descriptions for the
procedures below.

Table 1. Tissue used for immunohistochemistry, in situ hybridization and qPCR.

Patient Age/Sex Location Ki67 Index Treatment

1 65/F Colon 1% Surgery
2 69/F Small intestine 3% Surgery/SSA
3 62/M Ileum 2% Surgery
4 55/F Small intestine 7–8% Surgery
5 64/F Ileocecal 1% Surgery/SSA

2.3. Somatostatin Analogues

Two SST analogues (BIM-23014 (Lanreotide) and BIM-23023), a combined SST-dopamine 2
receptor analogue (BIM-23A760) and a pure dopamine receptor D2 (DRD2) analogue (BIM-53097) were
used. The compounds’ binding affinities for the SST and dopamine receptors are shown in (Table 2).
The compounds were initially dissolved in 100 μL 99% EtOH then in 0.1 N acetic acid/0.1% BSA to a
final stock concentration of 10−3 M and used for experiments at suitable concentrations in complete
growth medium.
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Table 2. Human Somatostatin Receptor Subtype Specificity (IC50-nM) [30,31].

Compound Somatostatin Receptor Subtype Dopamine

1 2 3 4 5

Somatostatin 14 1.95 0.25 1.2 1.77 1.4
Somatostatin 28 1.86 0.31 1.3 5.4 0.4

BIM-23014 (Lanreotide) >1000 0.75 98 >1000 12.7
BIM-23023 >1000 0.42 87 2.7 4.2
BIM-53097 22.1

BIM-23A760 622 0.03 160 >1000 42.0 15

2.4. Transfection Studies and Cell Growth Analyses

A total of 4 × 106 NCI-H727 or 1.5 × 106 CNDT2 cells were seeded and used for each transfection.
To 965 μL Opti-MEM (Invitrogen) 10 μL Negative control 1 or 2 (Thermo Scientific, Waltham, MA, USA)
or mature miRNA miR-7/miR-148a (Applied Biosystems, Carlsbad, CA, USA) or inhibitor—miR-7
LNA/miR- 148a LNA (Exiqon, Vedbæk, Denmark) was added to a final concentration of 50 nM
together with 25 μL Turbofect transfection reagent (Fermentas, Leon-Rot, Germany) in 5 mL complete
growth medium and left to incubate for 15–20 min at room temperature (RT) before being added
drop-wise to the cells.

For growth analyses, 4 × 104 cells (NCI-H727) or 1.5 × 104 cells (CNDT2) were seeded in each well
into E-plates for use in the xCELLigence system (Roche/ACEA, San Diego, CA, USA) for proliferation
studies. The xCELLigence analyzer, which is an electronic cell sensor array technology, allows label-free
and real-time monitoring of cell proliferation. The presence of the cells on top of the electrodes will
affect the local ionic environment at the electrode/solution interface, leading to an increase in the
electrode impedance. The more cells that are attached to the electrodes, the larger the increases
in electrode impedance. For further details, see references [32,33]. The difference in cell number
seeding for growth assays is due to differences in size and proliferative rate between the two cell lines.
A series of analogue concentrations were used to find the optimal concentration for the actual growth
experiments. The analogues were added daily directly to the wells of the E-plates in complete growth
medium used for the normal passage of cells, without changing it for the duration of the entire growth
experiment. The concentrations of the analogues for growth experiments were BIM-23a760 10−7 M,
BIM-23023 10−7 M, BIM-23014 10−9 M and finally BIM-53097 10−9 M.

2.5. RNA Extraction

Total RNA was extracted using Trizol reagent (Life Technologies) according to the manufactures
specifications. The RNA concentration was measured on the NanoDrop (Thermo Fisher
Scientific, Wilmington, DE, USA) and the integrity determined using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA).

2.6. Somatostatin Receptors mRNA Quantification

The expressions of the SSTRs were quantitated as previously described [34] and normalized to
the expression of β-actin.

2.7. Laser Capture Microdissection

Tumor and normal cells from FFPE tissue, see tissue specifications above, were Laser Capture
Microdissected (LCM) using an Arcturus LCM system (ThermoFisher Scientific, Waltham, MA, USA).
10 μm sections of tissue were mounted on Pen Membrane slides (Applied Biosystems,
Foster City, CA, USA). Sections were stained with cresyl violet, using the LCM staining kit (Ambion,
Foster City, CA, USA/Life Technologies, Carlsbad, CA, USA) with cresyl violet according to the
manufacturer’s instructions. After tissue sections had been collected and transferred to the collection
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cap, the cap was immediately transferred and clicked on to an Eppendorf tube containing the 100 μL
of the Lysis Solution used in the first step of the RNAqueous®-Micro Kit (ThermoFisher Scientific).
The tube was inverted to ensure complete coverage of the dissected cells in the buffer. RNA isolation
was performed according to the manufacturer’s instructions.

2.8. qPCR of microRNA Expression

The expression of miR-7 and miR-148a was quantitated using TaqMan miRNA assay
(Applied Biosystems). Briefly, 100 ng of the total RNA was reversely transcribed into cDNA using gene
specific primers and the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) according
to the manufacturer’s protocol. Samples were run on the ABI PRISM 7900 HT Sequence Detection
System (Applied Biosystems). For normalization of the miRNA expression data the geometric mean of
hsa-miR-191 and RNU-44 were used [35]. Primer sequences are listed in Table 3.

Table 3. Primer sequences.

MiRNA Mature Sequence Product ID

miR-7 UGGAAGACUAGUGAUUUUGUUGU 000268
miR-148a UCAGUGCACUACAGAACUUUGU 000470
MiR-191 CAACGGAAUCCCAAAAGCAGCUG 002299

RNU-44 CCTGGATGATGATAGCAAATGCTG-ACTGAACATGAAGGTCTT
AATTAGCTCTAACTGACT 001094

2.9. In Situ Hybridization

Formalin-fixed and paraffin-embedded (FFPE) tissue samples of carcinoid tumors
were obtained from the Department of Pathology (Rigshospitalet, Copenhagen, Denmark).
A double-DIG-labeled LNA-modified oligos miR-7 (Exiqon, Munich, Germany), probe sequence
5′-ACAACAAAATCACTAGTCTTCCA-3′, RNA-Tm 80 ◦C and double-DIG-labeled LNA-modified
oligos miR-148a (Exiqon), probe sequence 5′-ACAAAGTTCTGTAGTGCACTGA-3′, RNA-Tm 80 ◦C
were used for detection as described [36]. Probe concentration was 100 nM and slides were hybridized
at 50 ◦C. Sections were counterstained with Nuclear Fast Red. Pictures of representative areas of the
slides were taken with a Zeiss Axio Imager (Zeiss, Jena, Germany), original magnification × 20/10.
Cells with intense blue nuclear stain were scored as positive. The level of expression within a positive
cell was not scored. A LNA probe against snRNA U6 (Exiqon) was used as positive control and a
scramble probe (Exiqon) as negative control.

2.10. MicroRNA Microarray

For microarray analysis 1 μg of total RNA was labeled using the Flashtag RNA labeling kit
for Affymetrix (Genisphere LLC., Hatfield, PA, USA) according to the manufacturer’s instructions.
The labeled samples were hybridized to GeneChip miRNA Array (Affymetrix, Santa Clara, CA, USA).
The Affymetrix miRNA array assay miRNAs includes small nucleolar RNAs (snoRNAs) and small
Cajal Body specific RNAs (scaRNAs) in human. The 847 human miRNAs on the array are derived
from Sanger miRbase miRNA database V11. Four copies of each miRNA probe are distributed on
the array.

2.11. RNA Profiling

Arrays were washed and stained with phycoerytrin conjugated streptavidin (SAPE) using
the Affymetrix Fluidics Station® 450, and the arrays were scanned in the Affymetrix GeneArray®

3000 scanner to generate fluorescent images, as described in the Affymetrix Gene Chip® protocol.
To minimize batch variation, equal numbers of treatment groups were included in each batch.
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2.12. Data Analysis

Raw data files were imported into Affymetrix’s miRNA QC Tool (Affymetrix) and normalized
using the quantiles normalization and median Polish summarization following a background
correction that corrects for the GC content of the each particular probe. Log2 intensities of the
847 human miRNAs were imported into the Data Analysis software package Qlucore Omnics Explorer
v2.1. Principal Component Analysis (PCA) visualization of the clustering of samples using the genes
selected in the class comparison was performed using the build-in PCA tool in Qlucore Omnics
Explorer v2.1 (Qlucore AB, Lund, Sweden).

Class comparison analysis was performed using Students t-test. A multiple comparison test was
used for all three tissue-types and a two-group comparison was used for comparing AP versus NF.
The miRNA was defined as being differentially expressed between the compared groups if the p value
was less than 0.05 and the fold change above 1.5.

2.13. Statistical Analyses

Students’ unpaired t-test was used and differences with a p ≤ 0.05 were considered significant
and indicated by *. Unless otherwise stated results are given as median ± standard deviation (SD).

3. Results

3.1. Somatostatin and Dopamine Analogues Inhibit the Growth of a Carcinoid Cell Line NCI-H727

We first examined the expression of the SSTRs in four different carcinoid cell lines, HC45 and
CNDT2 (both intestinal) and the atypical NCI-H720 and typical NCI-H727 pulmonary cell lines,
in order to choose an optimal cell line as a model system for examining the effect of SSAs on miRNA
expression in NETs. All the carcinoid cell lines expressed SSTR subtypes 2 and 5 Figure 1A, and for
further analyses we selected two of the cell lines with highest SSTR2 mRNA level and each representing
common NET origins in lung (NCI-H727) and intestinal (CNDT2). Furthermore, the HC45 proved very
difficult to grow even after having been immortalized by retroviral transfection with a constitutive
active human Telomerase Reverse Transcriptase TERT expression vector and we discontinued using
this cell line. We have also previously shown that the CNDT2 and NCI-H727 cell lines are good model
systems when examining NETs [37] and proceed with these two cell lines as our model.

Figure 1. Carcinoid cell lines express all somatostatin receptors (SSRTs), and activation of both
SSTRs and DRD2 gives the most potent growth inhibition of a carcinoid cell line (A) All the four
examined carcinoid cell lines express SSTR subtype 2 and 5 when analyzed by qPCR (B) The growth of
NCI-H727 is inhibited by somatostatin, dopamine and the chimeric somatostatin-dopamine agonists.
The dopamine analogue BIM-53097 (blue) and the somatostatin analogues (SSAs) BIM—23023 (red)
were the weaker inhibitors of cell growth. The somatostatin agonist BIM-23014 (yellow) and the
chimeric somatostatin-dopamine compound BIM-23A760 (green) were the stronger inhibitors of
carcinoid cell growth. The control (black) is vehicle without agonist.
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Having shown that NCI-H727 cells expressed SSTR2- and five subtypes we examined the effect of
the SST and dopamine analogues on their growth. We found that all compounds inhibited the growth
of the carcinoid cell line (Figure 1B). The most potent inhibitor of proliferation was the combined SSTR
and dopamine receptor DR agonist BIM-23A760 (green) followed by the SSTR agonist BIM-23014
(yellow) and BIM-23023 (red). The least effective of the SSAs was the DR agonist BIM-53097 (blue)
Figure 1B.

3.2. Somatostatin Receptor Activation Primarily Induces microRNA Expression Changes

After having seen that SST analogues inhibit growth we treated NCI-H727 cells with the most
potent inhibitor—BIM-23A760—and compared the mRNA and miRNA profiles of treated cells with
that of untreated cells (Figure 2). PCA plots based on either mRNAs or miRNAs of cells treated with
SST analogue showed that PCA based miRNA expression profiles clearly separated controls from
treated cells. In contrast, PCA based mRNA profiles did not (Figure 2). Furthermore, when calculating
the number of transcripts changed and regulated by SST 24 h after treatment it is clear that treating
with SST regulates miRNAs to a higher degree than mRNAs (Figure 2).

Figure 2. The dual somatostatin-dopamine agonist BIM-23a760 induces greater changes in microRNA
(miRNA) than in messenger RNA (mRNA). Carcinoid NCI-H727 cells were treated with the dual
somatostatin-dopamine agonist BIM-23a760 for 24 h and the changes in mRNA and miRNA were
examined using microarray. Principal component analysis (PCA) of the changes in mRNA and miRNA
demonstrated that mRNA based PCA did not clearly separate the BIM-23a760 treated cells (shown in
red) from the control cells treated with vehicle without BIM-23a76 (shown in blue). In contrast a PCA
based on the changes in miRNA expression clearly separated the treated cells (shown in red) from the
untreated cells (shown in blue). This suggests that the miRNA changes induced by BIM-23a760 are
more specific than the changes in mRNA expression. This was also supported by the fact, that a higher
proportion of miRNA transcripts than of mRNA are changed by BIM-23a760 treatment.

3.3. Somatostatin Induces Distinct Receptor Based/Activated microRNA Expression Profiles and Particularly
Up-Regulates miR-7 and miR-148a

Having demonstrated that SST and dopamine analogues inhibited the growth of the carcinoid
cell line NCI-H727 and that activation of these receptors primarily affected miRNA expression,
we hypothesized that at least some of their growth inhibitory effects depended on receptor activation
and miRNA expression regulation. Also, after identifying the most potent inhibitor of growth among
the different SST analogues we expanded the study and examined all the different SST analogues’ effect
on miRNA expression by miRNA analysis of NCI-H727 cells treated with BIM-23A760, BIM-23014,
BIM-23023, BIM-53097 and with a control. A PCA of the miRNA expression profiles showed that,
depending on which analogue the cells were treated with, they could be separated into groups
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according to the analogue used and receptor(s) activated. In the first dimension the samples treated
with BIM-23a760 (SSTR/DRD2) and BIM-23014 (SSTR-only) analogues separated from the rest and in
the third dimension there was a difference in miRNA expression depending on receptor type activation
(Figure 3A).

Figure 3. PCA shows specific miRNA expression depending on receptor activation. (A) The unbiased
PCA separates the samples based on variation in the expression of miRNA in each sample. In the first
dimension samples treated with BIM-23014 (blue—SSTR agonist) and BIM- 23A760 (white—SSTR and
dopamine receptor D2 (DRD2) chimeric agonist) separated from the others. BIM-23023 (green—SSTR)
did not separate from the control (yellow). Also in the first dimension BIM-53097 (red—DRD2) did
not separate from the controls. However, in the third dimension the BIM-53097 (red—DRD2) treated
samples clearly separated from the controls. The percentage indicates how much of the total variation
is present in each dimension. In this experiment 22% of the total variation of miRNA expression is
found in the first dimension, 8% in the second and 7% in the third. The two most potent inhibitors of
growth BIM-23A760 and BIM-23014 group together, the DRD2 agonist and the least effective growth
inhibitor separates by itself. (B) The Venn diagram shows the miRNAs shared between the different
analogue treatments and that the number of miRNAs shared between BIM-23A760 (SSTR-DRD2) and
BIM-23014 (SSTR) are greater than BIM-53097 (DRD2). (C) On the right side of the map is the clustering
of treatment where DRD2 and controls separate from chimeric compound BIM-23A760 (SSTR-DRD2)
and BIM-23014 (SSTR). Furthermore it seems to separate controls and DRD2. Notice in the middle
of the control/DRD2 treatment, there is a small fraction of miRNA which seems to be controlled by
dopamine alone and different from the control group.

A Venn diagram shows the overlap between miRNA expression shared between the analogues and
analogue treatment. The results show that a higher number of miRNAs are affected and changed after
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treatments with BIM-23a760 and BIM-23014, which target SSTR either alone or in combination with
DRD2, compared to BIM-52097 which only targets DRD2. The highest degree of miRNA expressional
changes was induced by SSTR activation compared to selective DRD2 activation (Figure 3B). However,
a more specific miRNA expression change was observed in the small fraction of miRNAs changed
only in response to BIM-53097 and DRD2 receptor activation. Since BIM-23023 (SSTR) did not separate
from the control group in the PCA plot, it was excluded (Figure 3B). Based on the miRNA array results
we created a heat map to better visualize the changes in miRNA expression between the treatments
with the different compounds, again data with BIM-23023 (SSTR) being excluded (Figure 3C). We also
created a list of the most significantly down- or up regulated miRNAs from the two compounds which
showed the biggest inhibitory effect on cell proliferation BIM-23A760 (SSTR/DRD2), BIM-23014 (SSTR)
and the least effective growth inhibitor BIM-53097 (DRD2) (Table 4). From this list we chose to focus
on miR-7 and miR-148a.

Table 4. Up- and down-regulated miRNAs based on Somatostatin analogue (SSA) treatment.

miRNA Change
BIM-23014 BIM-23A760 BIM-53097

FC p-Value FC p-Value FC p-Value

miR-769-3p −2.8 0.001 −2.6 0.002 −1.1 NS
miR-663b −2.0 0.009 −2.5 0.001 −2.9 0.00

miR-663 −2.0 0.007 −2.3 0.002 −3.3 0.00
miR-30b-star −2.0 0.001 −2.2 0.000 −1.3 NS

miR-297 −1.7 0.008 −2.0 0.001 −1.7 0.01
miR-483-5p −1.9 0.003 −2.0 0.002 −1.0 NS

miR-376c 2.1 0.000 2.0 0.000 −1.2 NS
Let-7f 1.8 0.001 2.1 0.000 −1.2 NS

miR-10a-star 1.9 0.001 2.1 0.000 1.1 NS
miR-495 2.0 0.001 2.2 0.000 1.6 0.01
miR-7 2.3 0.000 2.2 0.000 −1.1 NS

miR-9-star 2.3 0.000 2.3 0.000 −1.4 NS

miR-454 1.9 0.001 2.3 0.000 −1.0 NS
miR-26b 2.2 0.010 2.6 0.003 1.0 NS
miR-429 2.9 0.004 2.8 0.004 −1.4 NS
miR-9 1.5 NS 2.9 0.002 −1.5 NS

miR-148a 2.5 0.006 2.9 0.002 2.0 0.03
miR-30e-star 2.8 0.000 3.1 0.000 1.5 NS

The up and down regulated miRNAs in NIH-H727 cells after 24 h treatment with somatostatin analogue BIM-23014,
dopamine analogue BIM-53097 and the chimeric somatostatin-dopamine analogue BIM-23a760. Cut-off p ≤ 0.001,
N = 4. NS—p-value not statistically significant; Fold Change—FC.

3.4. In Situ Hybridization and qPCR on Neuroendocrine Tumors and Neuroendocrine Tumor Laser Capture
Microdissected Tissue Confirms the Presence of miR-7 and miR-148a

To characterize the localization and to visualize the expression of miR-7 and miR-148a in NETs we
performed in situ hybridization on five NETs and found miR-7 expressed exclusively by the endocrine
cells, both tumor and normal cells; miR-148a was also expressed primarily by the endocrine cells
also both tumor and normal cells but to a lesser extent (Figure 4A). Expression analysis of LCM NET
tissue confirmed the up-regulation of particularly miR-7, but also shows the presence of miR-148a
(Figure 4B).
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Figure 4. miR-7 and miR-148a are primarily expressed in neuroendocrine cells and inhibit the growth
of a carcinoid cell line. (A) In situ hybridization of miR-7 show robust expression of miR-7 specifically
located to the neuroendocrine cells. The expression of miR-148a is also predominantly seen in the
neuroendocrine cells, although to a lesser extent than miR-7. (B) qPCR of laser capture micro dissected
cells confirmed that miR-7 is robustly expressed in NETs compared to normal mucosa. In contrast,
the expression of miR-148a is lower in NETs than in the normal mucosa that contains endocrine cells.

3.5. miR-7 and miR-148a Modulate the Growth of NCI-H727 and CNDT2 Carcinoid Cell Lines

Having demonstrated that SST analogues induced the expression of miR-7 and miR-148a and
that both these miRNAs are expressed in NETs, we examined how these miRNAs would affect
the growth of both the NCI-H727 and CNDT2 carcinoid cell lines by either over expressing or
inhibiting them. Both miR-7 and miR-148a significantly inhibit the growth of carcinoid cells in vitro
indicating that these miRNA could mediate some of the growth inhibitory effect induced by SST
analogues (Figure 5A,B). We subsequently blocked the effect of miR-7 and miR-148a by transfecting
LNA-inhibitors that increased the growth of both carcinoid cell lines (Figure 5C,D).

Figure 5. miR-7 and miR-148a regulates growth of the carcinoid cell lines NCI-H727 and CNDT2.
(A) and (B) Both miR-7 and miR-148a reduces cellular growth of the carcinoid cell lines NCI-H727
and CNDT2 where the highest inhibitory effect is caused by transfecting with miR-7. (C) and (D)
Inhibiting miR-7 and miR-148a by transfecting the carcinoid cell lines NCI-H727 and CNDT2 with
miRNA inhibitors alleviate growth repression and cause the cells to grow more than the controls.
* growth rates statistically significant compared to control.
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3.6. Somatostatin Modulates the Expression of the Let-7 Family

We have previously shown that the expression of several Let-7 family members is reduced during
NET carcinogenesis [37] and we therefore specifically examined how the SSTR and DRD2 analogues
affected the expression of the let-7 miRNA family. We found that the expression of 4 of the Let-7
members increased after treatment with SSTR analogues, the expression of one was slightly reduced
and the expression of 4 was unaffected (Table 5).

Table 5. Differentially regulated let-7 family members based on SSA treatment.

miRNA Change
BIM-23014 BIM-23A760 BIM-53097

FC p-Value FC p-Value FC p-Value

let-7a → 1.2 0.000 1.2 0.000 −1.0 NS
let-7b ↓ −1.4 0.000 −1.4 0.001 −1.0 NS
let-7c → −1.0 NS 1.0 NS −1.1 NS
let-7d → −1.0 NS 1.0 NS 1.1 NS
let-7e → −1.2 NS −1.1 NS 1.1 NS
let-7f ↑ 1.8 0.002 2.1 0.000 −1.2 NS
let-7g ↑ 1.7 0.001 1.9 0.000 −1.1 NS
let-7i ↑ 1.3 0.000 1.4 0.000 −1.1 NS

miR-98 ↑ 1.8 0.004 2.2 0.000 −1.1 NS

The alteration in the expression of the let-7 family of miRNAs in NIH-H727 cells after 24 h treatment with
somatostatin analogue BIM-23014, dopamine analogue BIM-53097 and the chimeric somatostatin-dopamine
analogue BIM-23a760. N = 4, NS—p-value not significant.

Thus, SST analogues had the ability to reintroduce the expression of the let-7 family and possibly
revert some of the pathways otherwise involved in NET carcinogenesis and malignancy.

4. Discussion

We have shown that in our NET model system SST analogue treatment primarily induces changes
in miRNA expression profiles in carcinoid cell lines. SST analogues are widely used to treat patients
with NETs, as the SST analogues both alleviate the carcinoid syndrome and inhibit growth of the
tumors [19,38–40]. Here we show that SST analogues inhibit the growth of two carcinoid cell lines
and that the inhibitory potential depends on the analogue used. This is in good concordance with
other studies that also show that SST analogues inhibit the growth of the NCI-H727 carcinoid cell
line [30,41] and the CNDT2 carcinoid cell line [42] and that a chimeric compound targeting SSTRs and
DRD2s has the most potent growth inhibitory effect [30,41,42]. The growth inhibitory effects of SST
analogues are mediated directly by binding of SST to the SSTRs, which leads to cell cycle arrest or
apoptosis and indirectly by the inhibition of growth factors and the suppression of oncogenic signal
transducing pathways. However, the molecular mechanisms linking neuroendocrine proliferation and
tumor progression are not yet fully understood. The PI3K/MAPK/mTOR pathway is known to play
an important role in NETs [43,44]. Already existing therapies used to treat patients with NETs consist
of agents targeting this specific signaling pathway [45–49]. SSTR2 has been shown to bind directly
to the p85 subunit of PI3K, which belongs to the class IA PI3Ks and is the class specifically involved
in promoting cell survival, growth and proliferation and the most important subclass involved in
human cancers [50,51]. SST analogue treatment of a pancreatic cell line can inhibit the binding between
SSTR2 and p85 which is critical for the down-regulation of PI3K activity and resulting decreased cell
survival [50].

We found miR-7 and miR-148a among the most up-regulated miRNAs after treatment with SST
analogues and increased expression of the let-7 family members, all of which have growth inhibitory
effects. miR-7 has been shown to be down-regulated in several cancers including colorectal cancer [52]
and gastric cancer [53] and to be endocrine specific [54], with evidence going both ways to whether or
not miR-7 acts as a tumor suppressor [55]. Here we demonstrated miR-7 to be highly present in NETs.
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Both miR-7 and SST targets the PI3K/MAPK/mTOR pathway underlining the significance for the
up-regulation of this specific miRNA by SST. In a study in lung cancers, including the carcinoid cell
line NCI-H727 showed miR-7 to directly target PI3KR3, the regulatory subunit of PI3K, and to reduce
the metastatic potential by reducing the effect of TLR9 signaling [56]. In hepatocellular carcinoma
miR-7 has been shown to directly target and repress PI3KCD an integral component of the PI3K
signaling pathway, thereby both inhibiting cellular growth, invasion and migration in vitro and more
importantly tumorigenesis and metastasis in vivo [57].

Another important aspect of the induction of miR-7 expression in cancer lies in the fact that miR-7,
through its inhibitory actions on central cancerous signaling pathways, can increase the sensitivity and
improve otherwise chemo-or radiotherapy resistant tumor cells [55]. SST mediates up- regulation of
miR-7 thereby increasing the cells sensitivity to the growth inhibitory actions of SST itself resulting in
a positive feed-forward loop.

miR-148a has been shown to be down-regulated in early gastric- [58], pancreatic- [59] and colon
cancer [60], as well as in breast cancer [61], and, when down-regulated, suggested as a biomarker
for the diagnosis and prognosis of gastrointestinal cancers [58,62,63]. Shivapurkar et al. showed that
a panel of six miRNAs including miR-148a could predict the risk of recurrence of colon cancer [60];
thus the up-regulation of miR-148a by SST analogue treatment might also be used as a biomarker in
NETs. We found miR-148a localized to endocrine cells and tumor tissue, all of which points towards
it being a specific and important miRNA in endocrine tumor formation and initiation. Our finding
that miR-148a has a growth inhibitory effect on carcinoid cell lines makes it an important miRNA to
up-regulate for SST analogues as it will give the SST analogues the ability to “pack that extra punch” in
stopping cell growth, and which is possibly why we see that SST analogue treatment primarily gives a
change in miRNA expression rather than mRNA expression.

SST itself attenuates Insulin Growth Factor 1 (IGF-1) signaling [64] and IGF-1 Receptor (IGF-1R) is
important in GEP-NET tumor growth factor biology [51]. Since miR-148a targets IGF-1, SST analogue
induced miR-148a expression could again lead to the interference with the PI3K signaling pathway by
the inhibition of growth factors like IGF-1 and its receptor IGF-1R, which frequently are overexpressed
in NETs [43,51]. Inhibition of IGF-1R signaling has been shown to decrease PI3K signaling and the
induction of cell cycle arrest and apoptosis [51]. miR-148a directly targets and down-regulates IGF-1R
in breast cancer and over-expression of miR-148a decreased phosphorylated Akt, a component of the
PI3K signaling pathway [61]. miR-7 also targets IGF-1R in a gastric cancer model with significant
influence on inhibiting the metastatic potential in this model [53]. However, while SSTR agonists have
been shown to have anti-tumor growth activity [30,41,42], IGF-1R inhibition proved to be ineffective
in treatment of NETs [65]. One explanation could be that IGF-1R inhibition only targets the receptor
activity but not directly the downstream signaling events. In contrast, SSTR activation and induction of
the miRNAs could potentially inhibit IGF-1R signaling at multiple levels and hence be more effective.
We have previously shown the let-7 family to be among the most down-regulated miRNA in NETs.
We also identified and that it targets HMGA2, BACH1 and MMP1 and reduce the expression of
these oncogenes all present in NETs [37]. Here we find that treatment with SST analogues modulates
the expression of the let-7 family and leads to the up-regulation of several family members and the
down-regulation of only one.

Recently, several reports have established the let-7 miRNAs as key players in metabolic pathways,
especially in the glucose metabolic pathway through the inhibition of IGF-1R, which is a key target
in the PI3K/mTOR signaling pathway [66]. Others have shown the let-7 family to directly target
and inhibit IGF-1 and IGF-1R, which harbors three let-7 binding sites in its 3’UTR. This leads to
the elimination of PI3K activation, and hence abrogates the signaling pathway leading towards cell
division, differentiation and survival. placing let-7 up-stream of IGF-1/IGF-1R with downstream
effects on the PI3K signaling cascade [67,68]. The positive modulation of the let-7 family by SST
analogues targets and inhibits the IGF-1/PI3K signaling pathway in addition to maybe inhibiting
glucose nutrient in aiding the rapid growth of the cancer cells. By this mechanism, they are targeted
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on both survival signaling as well as their supply of nutrients. In conclusion miR-7, miR-148a and the
let-7 family most up-regulated by SST have been shown to play a role in inhibiting the PI3K signaling
pathway at different levels reducing the cancer cell’s ability to escape and circumvent inhibition of a
single step. The fact that the miRNAs up-regulated by the SST analogues, the analogues themselves
and the already existing therapies all seem to target the same signaling pathway underlines the
importance of targeting this pathway when treating NETs.
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Abstract: In this study, we report for the first time the existence of complemented palindromic small
RNAs (cpsRNAs) and propose that cpsRNAs and palindromic small RNAs (psRNAs) constitute
a novel class of small RNAs. The first discovered 19-nt cpsRNA UUAACAAGCUUGUUAAAGA,
named SARS-CoV-cpsR-19, was detected from a 22-bp DNA complemented palindrome
TCTTTAACAAGCTTGTTAAAGA in the severe acute respiratory syndrome coronavirus (SARS-CoV)
genome. The phylogenetic analysis supported that this DNA complemented palindrome originated
from bat betacoronavirus. The results of RNA interference (RNAi) experiments showed that one
19-nt segment corresponding to SARS-CoV-cpsR-19 significantly induced cell apoptosis. Using this
joint analysis of the molecular function and phylogeny, our results suggested that SARS-CoV-cpsR-19
could play a role in SARS-CoV infection or pathogenesis. The discovery of cpsRNAs has paved
a way to find novel markers for pathogen detection and to reveal the mechanisms underlying
infection or pathogenesis from a different point of view. Researchers can use cpsRNAs to study the
infection or pathogenesis of pathogenic viruses when these viruses are not available. The discovery
of psRNAs and cpsRNAs, as a novel class of small RNAs, also inspire researchers to investigate
DNA palindromes and DNA complemented palindromes with lengths of psRNAs and cpsRNAs in
viral genomes.

Keywords: palindromic small RNA; complemented palindromic small RNA; small RNA; DNA
complemented palindrome; severe acute respiratory syndrome coronavirus

1. Introduction

Small RNA sequencing (small RNA-seq or sRNA-seq) is used to obtain thousands of short RNA
sequences with lengths that are usually less than 50 bp. With sRNA-seq, many novel non-coding RNAs
(ncRNAs) have been discovered. For example, two featured series of ribosomal RNA (rRNA)-derived
RNA fragments (rRFs) constitute a novel class of small RNAs [1]. Small RNA-seq has also been used
for virus detection in plants [2–4] and invertebrates [5]. In 2016, Wang et al. first used sRNA-seq data
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from the National Center for Biology Information Sequence Read Archive database (NCBI SRA) to
show that sRNA-seq can be used to detect and identify human viruses [6], however the detection
results were not as robust as those of plant or invertebrate viruses. To improve virus detection in
mammals, our strategy was to detect and compare featured RNA fragments in plants, invertebrates,
and mammals using sRNA-seq data. In a previous study [7], we detected siRNA duplexes that were
induced by plant viruses and analyzed these small interfering RNA (siRNA) duplexes as an important
class of featured RNA fragments. In this study, we aimed to investigate siRNA duplexes that were
induced by invertebrate and mammalian viruses and unexpectedly discovered another important
class of featured RNA fragments: complemented palindromic small RNAs (cpsRNAs). Among all
of the detected cpsRNAs, the first discovered cpsRNA, named SARS-CoV-cpsR-19, from the severe
acute respiratory syndrome coronavirus (SARS-CoV) strain MA15 merited further study, because mice
infected with SARS-CoV MA15 died from an overwhelming viral infection with viral-mediated
destruction of pneumocytes and ciliated epithelial cells [8]. SARS-CoV-cpsR-19 was detected from a
DNA complemented palindrome TCTTTAACAAGCTTGTTAAAGA in the SARS-CoV genome. In our
previous study of mitochondrial genomes, we reported palindromic small RNAs (psRNAs) for the
first time [9]. Both of psRNAs and cpsRNAs could comprise a novel class of small RNAs due to their
special sequence structures.

In this study, we compared the features of the siRNA duplexes that were induced by mammalian
viruses with those that were induced by plant and invertebrate viruses. We found that the detected
siRNA duplexes that were induced by mammalian viruses had significantly lower percentages of
total sequenced reads than those that were induced by plant and invertebrate viruses, and it seemed
that they were produced only from a few sites in the viral genomes. One possible reason could
be that a large proportion of the sRNA-seq data is from other small RNA fragments, owing to the
presence of a number of double-stranded RNA (dsRNA)-triggered nonspecific responses, such as type
I interferon (IFN) synthesis [10]. Another possible reason could be that the missing siRNA duplexes
or siRNA fragments function in cells by interacting with host RNAs or proteins. Based on this idea,
we hypothesized that SARS-CoV-cpsR-19 or other cpsRNAs from SARS-CoV MA15 could play a role
in SARS-CoV infection or pathogenesis.

To test our hypothesis, we conducted the joint analysis of the molecular function and
phylogeny. First, we investigated the origins of SARS-CoV-cpsR-19 by the phylogenetic analysis
of coronavirus genome sequences that were associated with bats, palm civets, rats, mice, monkeys,
dogs, bovines, hedgehogs, giraffes, waterbucks, and equines. Subsequently, we performed
RNA interference (RNAi) experiments to test the possible cellular effects that were induced by
SARS-CoV-cpsR-19. The phylogenetic analysis supported that the DNA complemented palindrome
TCTTTAACAAGCTTGTTAAAGA could originate from bat betacoronaviruses. The results of the
RNAi experiments showed that one 19-nt segment corresponding to SARS-CoV-cpsR-19 significantly
induced cell apoptosis. This study aimed to provide a different point of view for pathogen detection
and pathogenesis studies.

2. Materials and Methods

2.1. Datasets and Data Analysis

All sRNA-seq data were downloaded from the NCBI SRA database. In our previous study,
6 mammalian viruses (HPV-18, HBV, HCV, HIV-1, SMRV, and EBV) were detected from 36 runs of
sRNA-seq data [6]. In this study, 11 invertebrate viruses were detected from 51 runs of sRNA-seq data
(Supplementary file 1) and 2 mammalian viruses (H1N1 and SARS-CoV) were detected from 20 runs of
sRNA-seq data (NCBI SRA: SRP012018) [11]. In total, 11 invertebrate viruses and 8 mammalian viruses
were detected from 107 runs of sRNA-seq data using VirusDetect [4], and their genome sequences
were downloaded from the NCBI GenBank database. Among 107 runs of sRNA-seq data, four runs
(NCBI SRA: SRR452404, SRR452406, SRR452408, and SRR452410) had been sequenced from lung
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tissue in mice that were infected with SARS-CoV MA15 [11] and they were used to detect SARS-CoV.
The cleaning and quality control of the sRNA-seq data were performed using pipeline Fastq_clean [12],
which was optimized to clean the raw reads from the Illumina platforms. Using the software Bowtie
v0.12.7 [13] with one mismatch, we aligned all of the cleaned sRNA-seq reads to viral genome sequences
and obtained alignment results in sequence alignment map (SAM) format for the detection of siRNA
duplexes using the program duplexfinder [7]. Statistical computation and plotting were performed
using the software R v2.15.3 (R Core Team, Vienna, Austria) with the Bioconductor packages [14].
The ORF3b gene from human betacoronavirus (GenBank: DQ497008.1), 20 homologous sequences
from the bat betacoronaviruses, and nine homologous sequences from the civet betacoronaviruses
(Supplementary file 1) were aligned using ClustalW2 [15] with curation. After the removal of the
identical sequences, the ORF3b gene from human betacoronavirus, eight homologous sequences from
bat betacoronaviruses, and two homologous sequences from civet betacoronaviruses were used for
phylogenetic analysis. Since these homologous sequences had high identities (from 85.16% to 99.78%) to
the ORF3b gene from DQ497008, the Neighbor Joining (NJ) method was used for phylogenetic analysis.

2.2. RNAi and Cellular Experiments

Based on the short hairpin RNA (shRNA) design protocol [1], the 16-nt, 18-nt, 19-nt, 20-nt,
and 22-nt segments from the DNA complemented palindrome TCTTTAACAAGCTTGTTAAAGA
and their control “CGTACGCGGAATACTTCGA” were selected as the target sequences for
pSIREN-RetroQ vector construction (Clontech, Mountain View, CA, USA). PC-9 cells were provided by
Dr. Qingsong Wang from Tianjin Medical University and they were divided into six groups—namely,
16, 18, 19, 20, 22, and control—for transfection using plasmids containing the 16-nt, 18-nt, 19-nt,
20-nt, and 22-nt segments and the control sequences. Each group had three replicate samples for
plasmid transfection and cell apoptosis measurement. Each sample was processed following the
procedure described below. The PC-9 cells were washed with phosphate buffer saline (PBS) and
were trypsinized 12 h prior to transfection. Gbico RPMI-1640 medium (Thermo Fisher Scientific,
Wattham, MA, USA) was added to the cells, which were then centrifuged at 1000 rpm for 10 min
at 4 ◦C to remove the supernatant. Gbico RPMI-1640 medium containing 10% fetal bovine serum
was added to adjust the solvent to reach a volume of 2 μL and contain 2 × 105 cells. These cells
were seeded into one well of a 6-well plate for plasmid transfection. Transfection of 2 μg of plasmid
was performed using 5 μL Lipofectamine 2000 (Life technology, Carlsbad, CA, USA), following the
manufacturer’s instructions. Cell apoptosis was measured with the FITC Annexin V Apoptosis
Detection Kit I (BD Biosciences, Franklin Lakes, NJ, USA), following the procedure described below.
The cells were washed with PBS, were trypsinized, and were collected using a 5-mL culture tube 48
or 72 h after transfection. The culture tube was then centrifuged at 1000 rpm for 10 min at 4 ◦C to
remove the supernatant. The cells were washed twice with cold PBS and were resuspended in 1X
Binding Buffer at a concentration of 1 × 106 cells/mL. Then, 100 μL of the solution (1 × 105 cells)
was transferred to a new culture tube with 5 μL of FITC-Annexin V and 5 μL PI. The cells were
gently vortexed and were incubated for 15 min at room temperature in the dark. 1X Binding Buffer
(400 μL) was added to the tube. Finally, the sample was analyzed using a FACSCalibur flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA) within 1 h. Apoptotic cells were quantified by summing the
count of the early apoptotic cells (FITC-Annexin V+/PI−) and the late apoptotic cells (FITC-Annexin
V+/PI+). To confirm the results using Annexin V/PI staining and detection, the expression levels
of three cell-apoptosis marker genes (BAX, BCL2, and CASP3) were also measured by quantitatice
PCR (qPCR) assays using 16-nt, 18-nt, 19-nt, 20-nt, and 22-nt segments to produce siRNA duplexes by
pSIREN-RetroQ plasmid transfection. The cells were collected 24 h after transfection. For each gene,
three RNAi samples and three control samples were tested for relative quantification. After transfection,
RNA extraction, complementary DNA (cDNA) synthesis, and cDNA amplification were performed
following the same procedure described below. For each sample, total RNA was isolated using
RNAiso Plus Reagent (TaKaRa Bio Inc., Kusatsu, Shiga, Japan) and the cDNA was synthesized by
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M-MuLV (New England Biolabs, Hitchin, UK). The cDNA product was amplified by qPCR (Eppendorf,
Hamburg, Germany) using GAPDH as internal control and the qPCR reaction mixture using Real Time
PCR Easy (Foregene, Chengdu, China) was incubated at 95 ◦C for 10 min, followed by 35 PCR cycles
(10 s at 95 ◦C, 20 s at 55 ◦C, and 30 s at 72 ◦C for each cycle). The primers of five genes are listed in
Table 1.

Table 1. Primers for quantitative PCR (qPCR) assays.

Gene Symbol Forward Primer Reverse Primer

GAPDH ACATCGCTCAGACACCATG TGTAGTTGAGGTCAATGAAGGG
BAX AGTAACATGGAGCTGCAGAG AGTAGAAAAGGGCGACAACC
BCL2 GTGGATGACTGAGTACCTGAAC GCCAGGAGAAATCAAACAGAGG

CASP3 ACTGGACTGTGGCATTGAG GAGCCATCCTTTGAATTTCGC
MDL1 * CCCAATCCACATCAAAACCC GGACGAGAAGGGATTTGACTG

* The primers of MDL1 were used to amplify both MDL1 and MDL1AS as they are sense–antisense transcripts from
the same loci [9] and were predicted to be markers which can indicate the activities of mitochondria and even the
whole cells.

3. Results

3.1. Comparison of siRNA Duplexes Induced by Plant, Invertebrate, and Mammalian Viruses

In total, 11 invertebrate and 8 mammalian viruses (HPV-18, HBV, HCV, HIV-1, SMRV, and EBV
that were detected in the previous study, and H1N1 and SARS-CoV that were detected in this study)
were used to detect siRNA duplexes (see Materials and Methods). Next, we compared the features
of the siRNA duplexes that were induced by invertebrate viruses (Figure 1A) with those that were
induced by plant viruses (Figure 1B). The results showed that duplex length was the principal factor
that determined the read count in both plants and invertebrates. The 21-nt siRNA duplexes were the
most abundant duplexes in both plants and invertebrates, followed by the 22-nt siRNA duplexes in
plants, whereas it was the 20-nt siRNA duplexes in invertebrates. The 21-nt siRNA duplexes with
2-nt overhangs were the most abundant 21-nt duplexes in plants, whereas the 21-nt siRNA duplexes
with 1-nt overhangs were the most abundant 21-nt duplexes in invertebrates, however they had a very
similar read count to that of the 21-nt siRNA duplexes with 2-nt overhangs. The 18-nt, 19-nt, 20-nt,
and 22-nt siRNA duplexes in invertebrates had much higher percentages of total sequenced reads than
those in plants. In addition, 18-nt and 19-nt siRNA duplexes had very similar read counts, and the
20-nt and 22-nt siRNA duplexes had very similar read counts in invertebrates. As the siRNA duplexes
that were induced by mammalian viruses had significantly lower percentages of total sequenced reads,
comparison of the siRNA-duplex features between mammals and invertebrates or plants could not
provide meaningful results using our data.

However, as an unexpected result of the comparison, we discovered cpsRNAs from
both invertebrate and mammalian viruses. As this study was to focus on the study
of cpsRNAs from SARS-CoV, we did not include cpsRNAs from other animal viruses.
One 19-nt cpsRNA UUAACAAGCUUGUUAAAGA from a DNA complemented palindrome
TCTTTAACAAGCTTGTTAAAGA (DQ497008: 25962-25983), located in the ORF3b gene of the
SARS-CoV MA15 genome (GenBank: DQ497008.1), was detected in four runs of sRNA-seq data
(see Materials and Methods). This 19-nt cpsRNA was named SARS-CoV-cpsR-19 and the DNA
complemented palindrome contained 22 nucleotides which perfectly matched its reverse complement
sequence. From this DNA complemented palindrome, we also detected one 18-nt and one 21-nt
cpsRNA named SARS-CoV-cpsR-18 and SARS-CoV-cpsR-21 (Figure 2A), respectively. however we did
not detect cpsRNAs of other lengths (e.g., 16-nt, 20-nt, or 22-nt) using our data. We speculated that
18-nt, 19-nt, and one 21-nt cpsRNA could be derived from siRNA duplexes (Figure 2B), as the presence
of these overhanging nucleotides is a hallmark of small RNAs that are produced by silencing-related
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ribonucleases (e.g., Drosha or Dicer). However, we did not have any evidence to prove the existence of
siRNA duplexes.

Figure 1. Comparison of small interfering RNA (siRNA) duplexes that were induced by plant and
invertebrate viruses. All of the cleaned small RNA sequencing (sRNA-seq) reads were aligned to
viral genome sequences using the software Bowtie v0.12.7 [13] with one mismatch. The detection of
siRNA duplexes was performed using the program duplexfinder [7]. (A). The read count of siRNA
duplexes varies with the duplex length and the overhang length, using data from 11 invertebrate viral
genomes. (B). The read count of siRNA duplexes varies with the duplex length and the overhang
length, using data from seven plant viral genomes [7].

3.2. Discovery of psRNAs and cpsRNAs

Palindromes have been discovered in the published genomes of most species and play important
roles in biological processes. The well-known samples of DNA palindromes include restriction enzyme
sites, methylation sites, and palindromic motifs in T cell receptors [16]. In this study, we classified
DNA palindromes into DNA palindromes and DNA complemented palindromes, from which psRNAs
and cpsRNAs could be produced, respectively. A DNA palindrome is classically defined as a
nucleic acid sequence that is reverse complementary to itself, while small RNAs that are reverse
complementary to themselves are defined as cpsRNAs in this study. Accordingly, a typical psRNA
should have a sequence that is 100% identical to its reverse sequence, however most psRNAs are
semipalindromic or heteropalindromic, such as hsa-tiR-MDL1-16 AAAGACACCCCCCACA from a
DNA palindrome AAAGACACCCCCCACAGTTT (NC_012920: 561-580) [9]. As a heteropalindromic
psRNA, hsa-tiR-MDL1-16 is derived by cleavage after it starts transcription of the long heavy strand
(H-strand) primary transcript at the position 561 of the human mitochondrial genome (Figure 2A).
All cpsRNAs that are discovered from SARS-CoV MA15 are semipalindromic or heteropalindromic,
such as SARS-CoV-cpsR-19 and SARS-CoV-cpsR-21. Although SARS-CoV-cpsR-21 contains almost
100% of the total nucleotides which contribute to the matches (Figure 2A), most cpsRNAs have
mismatches or insertions/deletions (InDels). One example is a new Epstein-Barr virus (EBV)
microRNA precursor (pre-miRNA) with a length of 89 nt, as was reported in our previous study [6].
This pre-miRNA sequence contains only 87.64% (78/89) of the total nucleotides which contribute to
the matches.

In this study, we also found that DNA palindromes with sizes ranging from 14 to 31 nt
and DNA complemented palindromes with sizes ranging from 14 to 53 nt existed ubiquitously
in the animal virus genomes, however only a few of them were detected as transcribed or
processed into psRNAs or cpsRNAs. For example, we only detected psRNAs from two
(CTACTGACCAGTCATC and AAGGTCTCCCTCTGGAA) of 14 DNA palindromes and cpsRNA from
two (GCAAATTGCACAATTTGC and TCTTTAACAAGCTTGTTAAAGA) of 29 DNA complemented
palindromes (Table 2) in the SARS-CoV genome (GenBank: DQ497008.1) using four runs of sRNA-seq
data (see Materials and Methods). One possible reason could be that only a few of cpsRNAs had
been ligated to adapters during the sRNA-seq library preparation process as they could form hairpins
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(Figure 2A) at room temperature (~20 ◦C). From Table 2, it can be seen that the Tm (melting temperature)
of cpsRNA hairpins in the SARS-CoV genome is distributed ranging from 14 ◦C to 26 ◦C. This finding
provided a clue to explain why the detected siRNA duplexes that were induced by mammalian viruses
had significantly lower percentages of total sequenced reads than those that were induced by plant
and invertebrate viruses, and could help to improve the virus detection of mammalian viruses.

Figure 2. Clues to the origins of SARS-CoV-cpsR-19. All of the genome sequences are represented by
their GenBank accession numbers (e.g., DQ497008). (A). hsa-tiR-MDL1-16 is derived by cleavage after it
starts transcription of the long H-strand primary transcript at the position 561 of human mitochondrial
genome (left). SARS-CoV-cpsR-21 can form a hairpin (right). (B). 16-nt, 18-nt, 19-nt, 20-nt, and 22-nt
siRNA duplexes were used for RNA interference (RNAi) experiments. * 16-nt, 20-nt, and 22-nt
palindromic small RNAs (cpsRNAs) were not detected in this study. (C). SARS-CoV-cpsR-19 was
detected from a DNA complemented palindrome TCTTTAACAAGCTTGTTAAAGA in the SARS-CoV
genome. All of the 22-nt homologous sequences in the civet betacoronavirus genomes were identical
to the DNA complemented palindrome, whereas four genotypes of 22-nt homologous sequences
were detected in the bat betacoronavirus genomes, however only one of them was identical to it.
(D). The phylogenetic tree was built by the Neighbor Joining (NJ) method using the ORF3b gene
from human betacoronavirus, eight homologous sequences from bat betacoronaviruses, and two
homologous sequences from civet betacoronaviruses. The branch’s length corresponds to an average
number of nucleotide changes per 100 nucleotides.

3.3. Clues to Origins of SARS-CoV-cpsR-19

The previously unknown SARS virus generated widespread panic in 2002 and 2003 when it
caused 774 deaths and more than 8000 cases of illness. Scientists immediately suspected that civet cats,
which are only distant relatives of house cats, may have been the springboard for the transmission of
SARS-CoV to humans [17]. Later, scientists concluded that civets were not the original source of SARS.
Further investigation showed that the genetic diversity of coronaviruses in bats increased the possibility
of variants crossing the species barrier to cause disease outbreaks in the human population [18].
To investigate the origins of SARS-CoV-cpsR-19, we obtained coronavirus genome sequences that
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were associated with bats, palm civets, rats, mice, monkeys, dogs, bovines, hedgehogs, giraffes,
waterbucks, and equines from the NCBI GenBank database. The results of the sequence analysis
showed that the DNA complemented palindrome TCTTTAACAAGCTTGTTAAAGA was only located
in the ORF3b genes of betacoronaviruses. Next, we blasted the ORF3b gene of human betacoronavirus
(GenBank: DQ497008.1) with all of the obtained betacoronavirus genomes, except for those that
were obtained from experiments with mice and monkeys. The results showed that the ORF3b gene
from human betacoronavirus had homologous genes from the betacoronaviruses of bats and palm
civets (Supplementary file 1) rather than from those of other species. The DNA complemented
palindrome also had 22-nt homologous sequences in the bat and civet betacoronavirus genomes.
All of the 22-nt homologous sequences in the civet betacoronavirus genomes were identical to the
DNA complemented palindrome, whereas four genotypes of 22-nt homologous sequences were
detected in the bat betacoronavirus genomes, however only one of them was identical to it (Figure 2C).
Four genotypes had no, one, two, and three mismatches with the DNA complemented palindrome
and their corresponding ORF3b homologous sequences had identities of 96.77%, 96.13%, 87.96%,
and 85.16%, respectively. This suggested that one betacoronavirus variant containing the DNA
complemented palindrome could have originated from bats and was then passed onto palm civets
and finally to humans. This was consistent with the results of the phylogenetic analysis using the
ORF3b homologous sequences from the bat and civet betacoronavirus genomes (Figure 2D). In the
phylogenetic tree, all of the human and civet betacoronaviruses containing the DNA complemented
palindrome were grouped into one clade. The nearest relative of the human and civet clade was the
bat betacoronavirus (GenBank: JX993988.1) containing the DNA complemented palindrome, and the
next nearest relative was the bat betacoronavirus (GenBank: DQ412042.1) containing a homologous
22-nt sequence with one mismatch with the DNA complemented palindrome.

Table 2. DNA complemented palindromes in the severe acute respiratory syndrome coronavirus
(SARS-CoV) genome.

DNA Complemented Palindrome Start End Length GC% Tm MFE

GGTAACTATAAAGTTACC 1783 1800 18 33 20 −6.9
AATGTGAGAATCACATT 2779 2795 17 29 18 −4.4
AAGAAACTAAGTTTCTT 3923 3939 17 24 18 −3.5
ATGGTAAGCTTTACCAT 3971 3987 17 35 18 −4.5

AAATGCAAATCTGCATTT 4234 4251 18 28 18 −4.9
ATATGTCTATGACATAT 4949 4965 17 24 18 −4.3

CCTCATGTAAATCATGAGG 5020 5038 19 42 22 −9.0
ATAACAATTGTTAT 5207 5220 14 14 12 −0.9

ACTTCAACAGCTTGAAGT 5241 5258 18 39 18 −4.7
ACTTCAAATTCATTTGAAGT 6256 6275 20 25 20 −5.5
GTACTTTTACTAAAAGTAC 6734 6752 19 26 20 −4.6

ATCTACCAGTGGTAGAT 9189 9205 17 41 20 −6.5
TTACCTTCCAAGGTAA 10,892 10,907 16 38 16 −4.0
CCACTTATTAAGTGG 14,160 14,174 15 40 18 −4.7

CCCATTTAATAAATGGG 14,882 14,898 17 35 20 −5.7
CAGTGACAATGTCACTG 16,463 16,479 17 47 22 −7.7
CACCTTTGAAAAAGGTG 16,760 16,776 17 41 20 −5.6

TGTAAGAGAATTTCTTACA 17,651 17,669 19 26 18 −5.3
TGAATATGACTATGTCATATTCA 17,783 17,805 23 26 26 −9.7

CTACTTTAAGAAAGTAG 20,081 20,097 17 29 18 −3.6
AGCATTCTTGGAATGCT 21,106 21,122 17 41 20 −6.1

TTCCTCTTAAATTAAGAGGAA 21,337 21,357 21 29 22 −9.1
GCATTACTACAGAAGTAATGC 23,599 23,619 21 38 22 −7.9

AGCCCTTTATAAGGGCT 25,480 25,496 17 47 22 −8.7
TCTTTAACAAGCTTGTTAAAGA * 25,962 25,983 22 27 20 −7.2

CAACGGTACTATTACCGTTG 26,406 26,425 20 45 24 −9.0
ACCTTCATGAAGGT 28,048 28,061 14 43 14 −2.6

GCAAATTGCACAATTTGC * 29,028 29,045 18 39 18 −4.0
TAAAATTAATTTTA 29,668 29,681 14 0 NA NA

In total, 29 DNA complemented palindromes were identified in the SARS-CoV genome (GenBank: DQ497008.1).
* In this study, we only detected psRNAs from two of 29 DNA complemented palindromes. Minimum Free
Energy (MFE) was calculated using RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi).
Tm (melting temperature) of cpsRNA hairpins was calculated by the formula: Tm = 4*(C+G) + 2*(A+T) and only
using the nucleic acids in the stems of DNA complemented palindromes.
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3.4. Preliminary Studies on Biological Functions of SARS-CoV-cpsR-19

Our previous study showed that the psRNA hsa-tiR-MDL1-16 contained the Transcription
Initiation Site (TIS) of the human mitochondrial H-strand and could be involved in mtDNA
transcription regulation [9]. This inspired us to speculate that cpsRNAs could also have specific
biological functions and we investigated SARS-CoV-cpsR-19 using RNAi and Annexin V/PI staining
and detection. 16-nt, 18-nt, 19-nt, 20-nt, and 22-nt segments from the DNA complemented palindrome
TCTTTAACAAGCTTGTTAAAGA were used to produce siRNA duplexes by pSIREN-RetroQ plasmid
transfection (see Materials and Methods). As a result, the 19-nt and 20-nt segments significantly
induced cell apoptosis 2.76- and 1.48-fold 48 h after their transfection, respectively. Particularly,
the 19-nt segment significantly induced cell apoptosis 7.94-fold (36.04%/4.54%) 72 h after its
transfection into PC-9 cells (Figure 3). Using the 19-nt segment, we also tested cell apoptosis in
five other human cell lines and one mouse cell line. The results showed that the 19-nt segment
significantly induced cell apoptosis in the A549, MCF-7, and H1299 cell lines, however it did not
in the MB231, H520, and L929 (mouse) cell lines. The siRNA duplexes that were induced by the
19-nt segment could silence cell-specific transcripts to induce cell apoptosis through RNAi. These
results suggested that SARS-CoV-cpsR-19 had significant biological functions and could play a role in
SARS-CoV infection or pathogenesis.

To confirm the results using Annexin V/PI staining and detection, the expression levels of three
cell-apoptosis marker genes (BAX, BCL2, and CASP3) were measured by qPCR assays using the
same RNAi protocol in the Hela cell line (see Materials and Methods). The results showed 1.08-,
1.65-, 1.60-, 1.24-, and 1.30-fold increases in BAX/BCL2 ratios which were caused by 16-nt, 18-nt,
19-nt, 20-nt, and 22-nt segments, respectively (Figure 3E). As a low BAX/BCL2 ratio (<1) and a high
BAX/BCL2 ratio (>1) is against and in favor of cell apoptosis, it suggested that 18-nt and 19-nt segments
significantly induced cell apoptosis. The RNAi using 18-nt, 19-nt, and 20-nt segments also caused
significantly increased expression of CASP3 by 1.72, 2.58, and 1.89 fold changes in Hela cells. Therefore,
the experimental results by qPCR assays were consistent with those using Annexin V/PI staining
and detection. In addition, the expression levels of two novel long non-coding RNAs (lncRNAs)
(MDL1 and MDL1AS) from mitochondrial genome were measured to investigate their expression
changes that were caused by RNAi using 16-nt, 18-nt, 19-nt, 20-nt, and 22-nt segments. MDL1 and
MDL1AS were recently discovered [9] and were predicted to be markers which can indicate the
activities of mitochondria and even the whole cells. The RNAi using 16-nt, 18-nt, 19-nt, 20-nt, and 22-nt
segments also caused increased relative expression levels of MDL1 by 1.28, 5.43, 1.58, 9.25, and 1.41
fold changes in Hela cells (Figure 3E). It suggested that qPCR of MDL1 produce higher sensitivities
than that of BAX/BCL2 and CASP3 in the detection of cell apoptosis.
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Figure 3. RNAi and cellular experiments for validation. PC-9 cells were divided into six groups
named 16, 18, 19, 20, 22, and control for transfection using plasmids containing 16-nt, 18-nt, 19-nt,
20-nt, 22-nt segments, and their controls (Figure 2B). Each group had three replicate samples for
plasmid transfection and cell apoptosis measurement. The 19-nt and 20-nt segments significantly
induced cell apoptosis, whereas the 16-nt, 18-nt, and 22-nt did not show significantly positive results.
The samples in this figure were selected randomly from the control (A), 18 (B), 19 (C), and 20 (D) group.
(E). The experimental results by qPCR assays were consistent with those using Annexin V/PI staining
and detection. The primers of MDL1 were used to amplify both MDL1 and MDL1AS, as they are
sense–antisense transcripts from the same loci [9] and are predicted to be markers which can indicate
the activities of mitochondria and even the whole cells.

4. Conclusions and Discussion

SARS-CoV-cpsR-19 from the DNA complemented palindrome TCTTTAACAAGCTTGTTAAAGA
(DQ497008: 25962-25983) is located in the ORF3b gene of the SARS-CoV MA15 genome. In one
previous study, this 22-nt DNA palindrome was studied using two mathematics models (M0 and M1)
to conclude that this DNA palindrome was quite unlikely to occur by chance [19]. These authors also
found that the underrepresentation of 4-nt DNA palindromes existed in all of the coronaviruses and
the significant underrepresentation of 6-nt DNA palindromes existed only in SARS but not in the
other six coronaviruses. Then, they hypothesized that this avoidance of 6-nt DNA palindromes in the
SARS genome would offer a protective effect on the virus, making it comparatively more difficult to be
destroyed by some host-defence mechanisms (e.g., restriction enzymes). In this study, we unexpectedly
discovered cpsRNAs from the DNA palindrome TCTTTAACAAGCTTGTTAAAGA and reported
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that SARS-CoV-cpsR-19 could play a role in SARS-CoV infection or pathogenesis. We hypothesized
that cpsRNAs, as a novel class of small RNAs, were produced by some host-defence mechanisms
(e.g., RNAi) and that they could interact with the immune system of the host cells to help virus survival
or infection.

Another previous study reported that another sRNA AGGAACUGGCCCAGAAGCUUC
in the SARS-CoV genome, named small viral RNA-N (svRNA-N), contributed to SARS-CoV
pathogenesis [20]. SARS-CoV-cpsR-19 was detected in very low abundance using four runs of
sRNA-seq data (see Materials and Methods) in this study but was not detected using the sRNA-seq
data (NCBI SRA: SRP094035) in that study [20]. One possible reason could be that SARS-CoV-cpsR-19
can form one hairpin and the Tm (melting temperature) of this hairpin is about 20 ◦C. Therefore, most of
SARS-CoV-cpsR-19 cannot be ligated to adapters during the sRNA-seq library preparation process at
room temperature (~20 ◦C). As the optimal secondary structure of svRNA-N (Minimum Free Energy
(MFE) = −1.7) is less stable than those of SARS-CoV-cpsR-19 (MFE = −2.6) and all the other possible
cpsRNAs (Table 2), svRNA-N is more easily captured during the sRNA-seq library preparation process.
SARS-CoV-cpsR-19 induced cell apoptosis, whereas svRNA-N caused pulmonary inflammation.
In Vivo experiments revealed that the biogenesis pathway that was responsible for svRNA-N’s
synthesis was not dependent on Dicer or Drosha as the canonical biogenesis of miRNAs and svRNA-N
were able to silence mRNA expression by targeting its 3’ UTR. However, the mechanisms underlying
infection or pathogenesis of both SARS-CoV-cpsR-19 and svRNA-N are still unknown.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/9/442/s1,
Table S1: 51 runs of sRNA-seq data for invertebrate virus detection, Table S2: Homologous sequences of ORF3b.
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Abstract: microRNAs (miRNAs) are post-transcriptional regulators of messenger RNA (mRNA),
and transported through the whole organism by—but not limited to—lipoprotein particles.
Here, we address the miRNA profile in serum and lipoprotein particles of healthy individuals
in comparison with patients with uremia. Moreover, we quantitatively determined the cellular
lipoprotein-particle-uptake dependence on the density of lipoprotein particle receptors and present
a method for enhancement of the transfer efficiency. We observed a significant increase of
the cellular miRNA level using reconstituted high-density lipoprotein (HDL) particles artificially
loaded with miRNA, whereas incubation with native HDL particles yielded no measurable
effect. Thus, we conclude that no relevant effect of lipoprotein-particle-mediated miRNA-transfer
exists under in vivo conditions though the miRNA profile of lipoprotein particles can be used as
a diagnostic marker.

Keywords: microRNA; lipoprotein; transfer; uremia

1. Introduction

In general, intercellular communication occurs via cell-to-cell adhesion or by secretory messengers
via e.g., hormones. A majority of circulating microRNAs (miRNAs) are derived from shedding
of plasma membrane vesicles [1–4]. However, the protein Argonaute2 was also reported to carry
a population of circulating miRNA without the need for vesicles [5]. Recently, high-density
lipoprotein (HDL) particles were shown to transfer proteins and miRNAs from donor to recipient
cells [6,7]. miRNAs are a class of small, non-coding RNAs which have emerged as important
post-transcriptional regulators [8]. They intracellularly target specific messenger RNAs (mRNAs)
to degrade or repress the translation process [8–11]. In extracellular space, miRNAs were thought
to be relative unstable molecules; however, surprisingly, they were found to circulate in a highly
stable form in various body fluids like blood, milk, saliva and urine [12]. Turchinovich et al. [13]
proposed that extracellular miRNA carried by HDL is associated with the Argonaute family of
proteins. However, proteome analysis did not reveal these proteins as a component of HDL [14–19].
The profile of circulating miRNAs display characteristic changes when pathogenic alterations
occur. This dysregulation is linked to diseases such as cancer, cardiovascular [20–24] and kidney
diseases [25–28]. Altered miRNA profiles in the HDL fraction of patients suffering from familial
hypercholesterolemia were seen [6]. Thus, they may serve as markers for various diseases [29] and their
progression [12] or the development of new therapeutic agents [8,30]. Thereby, mode and specificity
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of HDL uptake routes may influence the functional role of secreted miRNAs. This is one of the least
understood issues in the field of miRNAs.

Here, we present data that miRNA is present—besides serum—in all lipoprotein particles
and find that the miRNA profile is different in patients with uremia. Finally, we aimed to follow
the uptake of miRNA to cells using quantitative real-time PCR (qPCR). For this purpose, we derived
a protocol to increase the uptake for miRNA from HDL particles significantly. Taken together, our data
indicate that—despite the presence of miRNA on lipoprotein particles—its abundance is rather low,
which makes any influence on the cell metabolism via lipoprotein-mediated transfer in vivo generally
highly unlikely.

2. Materials and Methods

The manuscript and the used nomenclature are written according to the minimum information
for publication of quantitative real-time PCR (qPCR) experiments (MIQE) guidelines [31].

2.1. Patients

For the miRNA TaqMan™ (Applied Biosystems, Carlsbad, CA, USA) array analyses, 17 adult
chronic renal failure (CRF) patients suffering from CRF Kidney Disease (Outcomes Quality Initiative
stage 3–5 without hemodialysis) and 14 adult CRF patients on maintenance hemodialysis and matched
controls were recruited (for lipid analyses see Table 1 of Meier et al. [32]). This study was approved by
the Ethics Committee, Medical University of Vienna (EK-Nr. 511/2007). Written informed consent
was obtained from all participants. Patients with an age over 55 years, with diabetes mellitus,
nephrotic syndrome, severe hyperlipidemia, inflammatory diseases, malignancy and infections
within the last three months, and patients on corticosteroids, lipid lowering or immunosuppressive
drugs were excluded. Venous blood was collected after an overnight fast. Sera were frozen in aliquots
at −20 ◦C. Lipoprotein particles were isolated immediately and stored frozen in aliquots at −20 ◦C
until analysis. For detailed lipid and apolipoprotein analyses see Meier et al. [32].

2.2. microRNA in Serum and Lipoprotein Particles

As there is no known endogenous control for miRNAs in serum or lipoprotein particles,
we added cel-miR-39 from the C. elegans species as internal control and for reference [33].
Total miRNA was reverse transcribed using the TaqMan™ microRNA Reverse Transcription
Kit and the appropriate reverse transcription (RT) primers (Applied Biosystems), according to
the manufacturer’s protocol. Resulting samples were subjected to RT-qPCR using TaqMan™
Gene Expression Universal Master Mix (Applied Biosystems) and TaqMan™ miRNA Assays
(Applied Biosystems) following the manufacturer’s instructions. The amplification was conducted
in a StepOne Real-Time PCR-System (48-well, Applied Biosystems); data was collected using
the StepOne Software v2.1 (Applied Biosystems).

2.3. TaqMan™ Arrays

Equal volumes of patient samples were pooled and miRNA was isolated from 100 μL serum
or 500 μg lipoprotein particles using the miRNeasy Kit (QIAGEN GmbH, Hilden, Germany),
according to the supplier’s instructions, in two independent experiments. RNA quantity and purity
was measured using a NanoDrop ND-1000 Spectrophotometer (peqlab Biotechnologie GmbH,
Erlangen, Germany) and RNA was stored at −80 ◦C. Total miRNA was reverse transcribed using
the TaqMan™ microRNA RT Kit with MegaPlex RT Primers (Applied Biosystems). To ensure
the sample content for the TaqMan™ arrays, miRNAs from lipoprotein particles and serum were
further processed by applying preamplification using the appropriate primers and the PreAmp Master
Mix (Applied Biosystems). Afterwards, samples were loaded into TaqMan™ Array Cards A+B (in total
754 miRNAs were detected) and analyzed using a 7900HT Fast Real-Time PCR System (Applied
Biosystems). Data was collected and analyzed using appropriate software from Applied Biosystems

60



Genes 2018, 9, 533

(SDS 2.4 and Data assist v3.0) yielding ΔΔcq. The value RQ (relative quantification) is defined as
RQ = 2−ΔΔ cq .

2.4. Synthetic miRNA

Human mature miRNAs hsa-miR145 (5′-GUC CAG UUU UCC CAG GAA UCC CU-3′),
hsa-miR155 (5′-UUA AUG CUA AUC GUC AUA GGG GU-3′) and hsa-miR223 (5′-UGU CAG
UUU GUC AAA UAC CCC A-3′) were synthesized by Microsynth (Microsynth, Vienna, Austria).
The manufacturer did purification with HPLC & dialysis. miRNAs were solubilized in 10 mM
tris(hydroxymethyl) aminomethane (TRIS) buffer, pH 7.5 (Thermo Fisher Scientific, Vienna, Austria)
and stored at −20 ◦C in aliquots of 100 μL (final storage concentration 10 μM).

2.5. Lipoprotein Particle Isolation

For the reconstitution/labeling experiments, human plasma was collected from
two normolipidemic healthy volunteers twice (time between donations was roughly one month),
in accordance with the medical and ethical guidelines of the Medical University of Vienna. This part of
the study was approved by the Ethics Committee, Medical University of Vienna (EK-Nr. 1414/2016).
Written informed consent was obtained from all participants. Individual lipoprotein particle
(HDL and low-density lipoprotein (LDL)) fractions were isolated by serial ultra-centrifugation at
a density of 1.21 g/mL or 1.06 g/mL, respectively [34]. Final protein concentration was determined
photometrically (Bradford assay) and samples were stored under an inert atmosphere at +4 ◦C.
For the preparation of lipoprotein particle deficient serum (LPDS), human sera from both donors were
spun using ultra-centrifugation at a density of 1.21 g/mL, dialyzed and stored at −20 ◦C.

2.6. Reconstitution of HDL Particles

HDL particles were reconstituted by a modified protocol, previously published in [35]. In short,
lipids from HDL particles were extracted two times with ethanol : diethyl ether (3:2) at −20 ◦C for 2 h.
Precipitate was dried under nitrogen gas flow and resuspended in buffer A (150 mM NaCl, 0.1‰
ethylenediaminetetraacetic acid (EDTA), 10 mM TRIS/HCl, pH 8.0, all Sigma Aldrich, Vienna, Austria).
Protein concentration was determined photometrically (Bradford assay). A lipid mixture, consisting of
L-α-phosphatidylcholine, cholesterol oleate and cholesterol (all Sigma Aldrich) at a molar ratio
of 100:22:4.8 dissolved in chloroform : methanol (2:1), was dried under nitrogen gas and resuspended
in buffer A. Aliquots of synthetic miRNAs (100 μL, 10 μM) were mixed with freshly prepared
spermine solution (final concentration 15 mM, Sigma Aldrich) for 30 min at 30 ◦C. Lipid suspension
and miRNA/spermine solution were mixed and sodium deoxycholate (Sigma Aldrich) was added for
lipid solubilization at a final concentration of 15 mM. In negative control experiments, HDL particles
were reconstituted without addition of miRNA and/or spermine. The mixture was stirred
at +4 ◦C for 2 h. Delipidated HDL was added at a final molar ratio of L-α-phosphatidylcholine,
cholesterol oleate, cholesterol and protein (HDL) of 100:22:4.8:1, and the mixture was stirred at +4 ◦C
overnight. Extensive dialysis using Slide-A-Lyzer™ dialysis cassettes (cut-off 20 kDa, Thermo Fisher
Scientific) against phosphate-buffered saline (PBS, Roth, Graz, Austria) + Amberlite XAD-2 polymeric
adsorbent (15 g/L, Sigma Aldrich) was performed to separate generated reconstituted HDL (rHDL)
particles form free miRNA, spermine and detergent. Final protein concentration was determined
photometrically (Bradford assay) and samples were stored under inert atmosphere at +4 ◦C.

2.7. Labeling of LDL Particles

LDL particles were labeled with miRNA by a modified protocol, previously published
in [36]. In short, LDL particle solution was incubated with 0.3 mM EDTA/0.1 mM ethylene
glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA, Roth) for 10 min at +4 ◦C.
Aliquots of miRNA were mixed with freshly prepared spermine solution (final concentration 15 mM,
Sigma Aldrich) for 30 min at 30 ◦C. After addition of an equal volume of dimethyl sulfoxide
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DMSO (Thermo Fisher Scientific), the mixture was diluted five-fold with buffer containing 150 mM
NaCl/0.3 mM EDTA/0.1 mM EGTA. LDL particle solution and miRNA mixture were combined
and incubated for 2 h at 40 ◦C. In negative control experiments, LDL particles were labeled
without addition of miRNA and/or spermine. Extensive dialysis using Slide-A-Lyzer™ dialysis
cassettes (cut-off 20 kDa, Thermo Fisher Scientific) against PBS (Roth) + Amberlite XAD-2 polymeric
adsorbent (15 g/L, Sigma Aldrich) was performed to separate labeled LDL particles from free
miRNA, spermine and organic solvent. Final protein concentration was determined photometrically
(Bradford assay) and samples were stored under inert atmosphere at +4 ◦C.

2.8. Quality Control of Reconstituted/Labeled Lipoprotein Particles

High-speed atomic force microscopy (HS-AFM) (see Figure A1) was performed in tapping mode
with free amplitudes of 1.5 nm–2.5 nm. The amplitude setpoint was larger than 90% of the free
oscillation amplitude. USC-F1.2-k0.15 cantilevers (Nanoworld AG, Neuchâtel, Switzerland) were used.
HDL and LDL particle aliquots were diluted 1:103 in PBS (in order to observe individual particles)
and incubated for 5 min on freshly cleaved mica. After rinsing with PBS, the samples were imaged
in PBS at room temperature. Image processing and particle analysis were done in Gwyddion 2.49
(CMI, Brno, Czech Republic) and SPIP (Image Metrology, Hørsholm, Denmark). The probability density
functions (pdfs) representing the height distribution of particles were calculated using the ‘ks-density’
algorithm in MATLAB (Mathworks, Natick, MA, USA).

2.9. Cells

Chinese hamster ovary (CHO) cell lines CHOK1, ldlA7 (reduced expression of LDL-receptor),
and ldlA7-SR-B1 (overexpression of scavenger receptor class B type 1 (SR-B1)) were cultured
as previously described in [37,38]. In short, cells were maintained in Dulbecco’s modified
Eagle Medium/Nutrient Mixture F-12 (Sigma Aldrich) supplemented with 10% fetal calf serum
(FCS, Sigma Aldrich), Penicillin/Streptomycin (100 U/mL and 0.1 mg/mL final concentration,
Sigma Aldrich) and 2 mM L-Glutamine (Roth). Geneticin sulphate (Thermo Fisher Scientific)
was added to ldlA7-SR-B1 cells at a final concentration of 0.5 mg/mL as selection antibiotic.

Cells were grown until just reaching confluency in individual LabTek™ chambers (eight chambers
per slide, each with a 4 mm × 4 mm surface area and ~700 μL total volume, Thermo Fisher Scientific).
Cells were washed three times with Hanks’ balanced salt solution (HBSS, Roth) and incubated in FCS-free
culture medium. Next, HDL particle solution (final concentration 50 μg/mL or 5 μg/mL) or LDL particle
solution (final concentration 5 μg/mL) from the different preparations (native/reconstituted/labeled)
was added. Incubation was performed at 37 ◦C and 5% CO2. After 16 h, cells were washed three
times with HBSS and covered with 100 μL of medium without FCS. For negative control experiments,
chambers without cells and with cells without any addition of particles were used. For blocking
experiments (testing of unspecific binding), native lipoprotein particle solution or bovine serum albumin
(BSA, Sigma Aldrich) was used. Cell number was determined for each experiment in two independent
chambers, which were similarly treated as above (medium containing 50 μg/mL HDL or 5 μg/mL LDL
particle solution) and the average cell number of both chambers was used for normalization.

2.10. miRNA-Extraction

miRNA-extraction was performed according to the manufacturer’s protocol of the miRNeasy
Mini Kit (Qiagen, Vienna, Austria). In short, a sample volume (ranging from 1 μL to 100 μL
(lowest protein concentration)) of native/reconstituted HDL particles or native/labeled LDL particles
normalized to the lowest protein concentration was lysed and homogenized. The cell sample
volume used for miRNA-extraction contained the pooled cells from two independent chambers.
For the negative control sample, 100 μL of RNase-free water (Roth) was used. A phenol/chloroform
extraction was performed subsequently to separate proteins/DNA from RNA.
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2.11. Reverse Transcription

Reverse transcription was performed according to the manufacturer’s protocol of the TaqMan™
microRNA Reverse Transcription Kit (Thermo Fisher Scientific). Briefly, 7 μL of the kit’s mastermix
solution were added to 5 μL of the extracted miRNA-sample and 3 μL of miRNA-specific primer
(Assay ID 002623, 000526, and 002278, Thermo Fisher Scientific). In order to use the same
cell number for each cell line, the sample volume of the cell line with a higher overall cell
number was reduced accordingly; the residual volume to reach the total sample volume of 5 μL
was RNase-free water (thus, sample volume from the individual cell lines varied between 5 μL
and 2 μL). As a sample for standard curve preparation, an aliquot of miRNA was diluted
sequentially in RNase-free water. Reverse transcription was performed using a Thermocycler
(LabCycler Sensoquest, Göttingen, Germany) with the following program: (1) 30 min at 16 ◦C,
(2) 30 min at 42 ◦C, (3) 5 min at 85 ◦C, (4) ∞ at 4 ◦C. Usually, the qPCR step was done immediately after
the reverse transcription—otherwise the complementary DNA synthesized from the miRNA samples
was stored at −20 ◦C.

2.12. qPCR

qPCR of the reverse transcribed samples was performed according to the manufacturer’s protocol
of the TaqMan™ assay (Thermo Fisher Scientific). In short, per sample, 7.5 μL of mastermix
solution (iTaq™, Biorad, Vienna, Austria) was diluted with 4.75 μL RNase-free water and 0.756 μL
hydrolysis probe (TaqMan™ Assay ID 002623, 000526, and 002278, Thermo Fisher Scientific).
Each sample contained further 2 μL of cDNA sample or RNase-free water and was measured twice.
qPCR was performed using a Corbett RG-6000 PCR machine (Corbett Research, Cambridge, UK)
with the following program: (1) 2 min at 50 ◦C, (2) 10 min at 95 ◦C, (3) 15 s at 95 ◦C, (4) 60 s at 60 ◦C.
Steps (3) and (4) were repeated up to 50 times. For the analysis, RotorGene 6000 Software Version 1.7
(Qiagen, Vienna, Austria) was used with activated ‘DynamicTube Normalization’ (for compensation
of different background levels using the second derivative of each sample trace) and ‘Noise Slope
Correction’ (normalization to the noise level). The threshold for calculation of the quantification
cycle cq for each miRNA was determined from the standard curves of each miRNA individually,
via the ‘Auto-Find Threshold’ function of the software package—hereby, the software maximizes
the R-value of the fit of the standard curve—and kept equal for each specific miRNA. The cq value of
the negative control was always at least six cycles higher than the highest sample cq value (in the range
between 30–40 cycles). In each run, at least one of the standard dilutions of miRNA was added as
a sample to calibrate each individual run for the same reaction efficiency.

2.13. Calculation of miRNA Strands Number

For standard curves (Figure A2), the number of miRNA strands of each sequential dilution
step was calculated from the initial concentration and the subsequent dilution steps during reverse
transcription and PCR. Thereby, we assumed that the reverse transcription performed linearly
over the low concentration range used here and in a 1:1 stoichiometry. Accordingly, the number
of strands corresponding to the cq value of each sample run was calculated from the standard
curve regression line and normalized to the number of cells or the lipoprotein particle number,
respectively. Lipoprotein particle number was estimated from the initial protein concentration and its
average molecular weight (molecular weight MWHDL ~250 kDa, MWLDL ~3 MDa). We assumed
no lipid contribution to the molecular weight—thus, we slightly overestimated the number of
miRNA strands per lipoprotein particle. We further assumed a 100% recovery of miRNA during
the miRNA extraction step.
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3. Results

3.1. miRNA in Lipoprotein Particle Fractions

First, we tested the presence of miRNA in serum and all lipoprotein particle fractions of healthy
volunteers. To do so, we separated serum and lipoprotein particle fractions and purified the contained
miRNAs. For analysis, we selected two miRNAs known to be involved in renal and cardiovascular
disease, namely miR-21 [39] and miR-223 [40]. Both miRNAs were detectable in all fractions (Table 1)
with the highest relative amount in HDL particles; however, the abundance was low (absolute cq values
varied between 26 and 36 cycles). This data indicates a lipoprotein-particle-selective association of
miRNAs. To demonstrate that HDL particles did not contain remaining serum constituents, we diluted
the HDL particle fraction with excess PBS and centrifuged it a second time. Still, this fraction contained
the highest miRNA amount among the lipoprotein particle classes (<ΔΔcq > = −2.5 (SD = 0.2)
and −1.5 (SD = 0.1) for miR-223 and miR-21, respectively), indicating that miRNAs are relatively
enriched at least in the HDL particle fraction.

Table 1. miRNAs circulating in human serum and associated to lipoprotein particles.

Sample miRNA < ΔΔcq > SD < ΔΔcq >

LPDS
223 0.0 0.1
21 0.0 0.2

VLDL
223 5.7 0.2
21 4.6 0.2

LDL
223 2.8 0.2
21 1.8 0.2

HDL
223 −3.5 0.1
21 −2.5 0.1

Lipoprotein particle deficient serum (LPDS) and lipoprotein particle fractions (very-low density lipoprotein (VLDL),
low density lipoprotein (LDL) and high density lipoprotein (HDL) particles) were analyzed for two distinct
microRNAs (miRNAs). Values are in relation to the levels of cel-miR-39 and subsequently LPDS. (< x > = average
value of x, SD = standard deviation, n = 3 independent experiments).

Next, we investigated miRNA profiles in serum and HDL particles of uremic patients recruited
for a study on the influence of chronic renal failure (CRF) on cholesterol efflux from macrophages [32].
Figure 1 depicts the expression profile of miRNAs found in the serum/HDL particles of patients
suffering from CRF (top) and from the more advanced disease course (hemodialysis, bottom) relative to
their matched healthy controls. In both settings, the miRNA profile difference between serum
and HDL particles was diverse: some miRNAs were represented in HDL particles and serum
in a similar portion (see Figure 1 overlap of the blue and orange line); however, some miRNAs
were increased at different rates in serum and HDL particles. The most regulated miRNA in CRF
patients—miR-192—was about 3.8 times increased in HDL particles while it was decreased in serum
to one-third. Nevertheless, there was a substantial overlap in the miRNA signature between serum
and HDL particles in both CRF and hemodialysis patients.

Furthermore, we assessed the differences in the serum and HDL signatures between
the two patient cohorts; most of the changes in the miRNA levels were in a similar direction
(Figure 2). The miR-122 level increased sharply in the HDL fraction with disease progression
(ΔRQ ~+6.6), while it hardly decreased in the serum (ΔRQ ~−0.7). On the other hand, some miRNA
levels like miR-24, miR574-3p, miR-222, miR-27b and miR-29a were increased in the serum with
disease progression, whereas in HDL particles, the levels remained nearly constant. While these
miRNA levels were significantly different between HDL particles and serum, a substantial overlap
in the miRNA profile exists.
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Figure 1. miRNA profile in serum and high-density lipoprotein (HDL) particles of chronic renal
failure (CRF) and hemodialysis patients. Pooled serum and HDL particles of adult CRF (top)
and hemodialysis patients (bottom) and their matched controls was analyzed by the TaqMan™
miRNA array A (duplicates). From the 381 different miRNAs, 57 (serum) and 90 (HDL particles)
for CRF patients and 75 (serum) and 89 (HDL particles) for hemodialysis patients were detectable
(plotted were only miRNAs detectable in serum and HDL particles) and the relative quantitation (RQ)
was calculated subsequently (the corresponding control miRNAs were set to RQ = 1). RQ-values
were arranged in the following manner: starting at the twelve o’clock position with the maximum
negative difference between the RQ values of HDL particles (orange) and serum (blue), the values
increase clockwise (reaching nearly equality at the six o’clock position) and reach the maximum positive
difference before closing the circle again (see Table A2 (in Appendix A) for the complete data set).
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Figure 2. Differences in the miRNA profile in serum and HDL particles during disease progression from
CRF to hemodialysis. Data is arranged in the following manner: starting at the twelve o’clock position
with the maximum difference between the RQ values of serum (blue) during disease progression from
CRF to hemodialysis (=ΔRQ), the values decrease clockwise (reaching nearly no change at the four
o’clock position) and reach the maximum negative difference before closing the circle again (plotted are
only miRNAs detectable in both disease progression steps). For comparison, ΔRQ values were
superimposed for the same miRNAs (if available) in the HDL particle fraction (orange).

3.2. miRNA Associated to Lipoprotein Particles

After having shown that miRNA also circulates with lipoprotein particles and that their expression
profile was altered in the disease progression, we assessed if we can reconstitute this system in order
to observe and follow cellular miRNA uptake. Therefore, we tested the uptake of native HDL/LDL
and reconstituted HDL/labeled LDL particles with two selected miRNAs: miR-223, which shows
a high abundance and miR-155, which is rare in lipoprotein particles [41]. To assess the validity
of the reconstituted and labeled lipoprotein particles in comparison to their native counterpart,
we imaged single lipoprotein particles by HS-AFM and analyzed their size (Figure A1). We observed
globular particles comparable to the native forms. However, the reconstituted HDL particle variants
were slightly smaller than the native ones; reasonably due to the partial reconstitution process.
For LDL particles, the size distributions of the native and labeled particles largely overlap; obviously,
spermine addition accounts for the observed size increase. According to our data, the ratio of tested
miRNA strands to the number of native lipoprotein particles was in the range of one strand of a specific
miRNA to around 1 billion lipoprotein particles (Tables 2 and 3).
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Table 2. * miRNA content of HDL particle variants.

Sample Donor miRNA < # miRNA/particle > SD < # miRNA/particle >

Native HDL
1

223 6.10−9 7.10−10

155 3.10−9 9.10−10

2
223 7.10−9 4.10−9

155 4.10−8 2.10−8

rHDL
1

223 4.10−9 8.10−10

155 5.10−9 3.10−9

2
223 7.10−9 4.10−9

155 1.10−8 1.10−8

rHDL +
miR-155

1 155 1.10−4 1.10−4

2 155 8.10−5 5.10−5

rHDL +
miR-155 &
spermine

1 155 1.10−4 5.10−5

2 155 7.10−5 2.10−5

* Each condition was tested twice with two independently obtained samples. rHDL: reconstituted HDL.

Table 3. * miRNA content of LDL particle variants.

Sample Donor miRNA < # miRNA/particle > SD < # miRNA/particle >

Native LDL
1

223 3.10−8 2.10−8

155 9.10−8 5.10−8

2
223 5.10−9 3.10−9

155 9.10−8 2.10−8

Labeled LDL
1

223 5.10−8 3.10−8

155 9.10−8 5.10−8

2
223 4.10−9 3.10−9

155 9.10−8 2.10−8

Labeled LDL +
miR-155

1 155 1.10−4 6.10−5

2 155 2.10−3 3.10−4

Labeled LDL +
miR-155 &
spermine

1 155 5.10−4 3.10−4

2 155 5.10−3 6.10−4

* Each condition was tested twice with two independently obtained samples.

Nevertheless, we were able to increase the miRNA/particle ratio via reconstitution or labeling
of the respective lipoprotein particle. The reconstitution (which involves thorough delipidation of
the particle) or the labeling process of the lipoprotein particle itself did not influence the miRNA/particle
ratio (compare miRNA/particle ratio of native and reconstituted/labeled particles). Thus, we found
neither sequence-specificity (no significant difference between miRNA/particle ratio of miR-223
and miR-155), nor any significant effect of electrical-charge-compensation of the poly-anionic nature of
the miRNA with addition of the natural poly-cationic nucleotide-sequence-stabilizer-agent spermine.
However, our approach increased the miRNA/particle ratio by around five orders of magnitude
(from 10−9 to 10−4 for HDL particles and 10−8 to 10−3 for LDL particles as shown in Tables 2 and 3).

Next, we tested whether the uptake of lipoprotein particles in cells depends on the cell
membrane density of their respective lipoprotein receptor. In order to reach a steady state
between uptake and potential degradation of miRNA, we incubated cells for 16 h with
lipoprotein particles. We observed no increase of the cellular miRNA-content after incubation with
native lipoprotein particles at a concentration in the physiological range (5 μg/mL and 50 μg/mL for
HDL or LDL particles) independent of the receptor density (Tables 4 and 5). We did neither observe
a significant increase in the number of miRNA strands per cell for HDL particles (overexpression of
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the HDL-receptor SR-B1 in ldlA7-SR-B1 cells in comparison with native HDL-receptor density in ldlA7
cells) nor for LDL particles (a low LDL-receptor density in ldlA7 cells in comparison with native
LDL-receptor density in CHOK1).

However, incubation using lipoprotein particles with artificially increased miRNA content
yielded—at least for HDL particles—a significant and receptor-density-dependent increase of
the number of miRNA strands per cell (approximately by a factor 4 or 10 at native or overexpressed
receptor densities). In contrast, incubation with LDL particles did not influence the miRNA level.

Table 4. * Influence of lipoprotein receptor density on cellular miRNA-content before/after HDL
particle uptake.

Cell Line HDL Conditions and Concentration < # miRNA/cell > SD < # miRNA/cell >

ldlA7
no HDL addition 240 35
native, 50 μg/mL 250 25

miR-155 and spermine, 50 μg/mL 980 55

ldlA7-SR-B1
no HDL addition 260 20
native, 50 μg/mL 330 55

miR-155 and spermine, 50 μg/mL 2500 190

* Each condition was tested twice with two independently obtained samples. The HDL particles with the highest
< # miRNA/particle > = 1 × 10−4 were used for these experiments. The used sample volume in the qPCR step
equated for both cell lines to 3100 cells.

Table 5. * Influence of lipoprotein particle receptor density on cellular miRNA-content before/after
LDL particle uptake.

Cell Line LDL Conditions and Concentration < # miR/cell > SD < # miR/cell >

ldlA7
no LDL addition 190 10
native, 5 μg/mL 240 20

miR-155 and spermine, 5 μg/mL 210 40

CHOK1
no LDL addition 120 10
native, 5 μg/mL 130 20

miR-155 and spermine, 5 μg/mL 160 70

* Each condition was tested twice with two independently obtained samples. The LDL particles with the highest
< # miRNA/particle > = 5 × 10−3 were used for these experiments. The used sample volume in the qPCR step
equated for both cell lines to 5800 cells.

In order to exclude the possibility of a non-cell-mediated unspecific interaction of HDL particles
with the cell culture vessel itself, we performed control experiments with chambers without cells
(see Table A1). Here, the determined numbers for the miRNA amount corresponding to an individual
cell (comparable to numbers from Tables 4 and 5) were around 1% and were, therefore, neglected.
An incubation-concentration-dependence of the unspecific binding could be seen, and it was further
observed that pre-blockage with BSA or native HDL particles had no influence.

4. Discussion

We have shown that, for some miRNAs, there is a significant difference in the profile between
the HDL particle fraction and serum derived from CRF as well as hemodialysis patients. For other
miRNAs, their values are nearly identical. Moreover, during disease progression, a similar bimodal
behavior was observable. Especially miR-24, which has been reported to be upregulated in patients
with kidney transplants [42], showed an increase of more than four RQ values in the serum, while its
value even decreased in the HDL particle fraction by more than three values. Contrarily, RQ values of
miR-122 increased by more than six values during disease progression in the HDL particle fraction
while the serum RQ value hardly decreased. Interestingly, miR-21 and miR-223—two miRNAs
known to be involved in renal and cardiovascular disease—did not change, neither in serum nor
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in the HDL particle fraction. Thus, we postulate that the miRNA profile may be suitable to identify
certain diseases and follow their progression [43]; however, one has to be careful regarding its origin,
as some miRNA levels differ between serum and HDL particle fraction.

Vickers et al. showed that HDL particles deliver miR-223 to SR-B1–transfected baby hamster
kidney (BHK) cells, leading to repression of the Renilla-SR-B1-3′UTR luciferase reporters [6].
Therefore, HDL particles can be expected to transport miRNAs to target cells, leading to altered
gene expression. Tabet et al. demonstrated that HDL-transported miR-223 down-regulated ICAM-1
expression in endothelial cells [7]. In the present study, we verified the principal functionality
of HDL particles as miRNA-transfer-vehicle. Nevertheless, the number of miRNAs transported
via native HDL particles may be insignificant due to the extremely low miRNA/particle ratio.
This number may slightly vary depending on the miRNA and individual; however, any relevant
influence on the cellular mRNA profile due to an uptake of miRNA-containing lipoprotein particles
seems highly unlikely—at least in normolipidemic healthy individuals. We like to note that our
numbers (strands/particle) are comparable to data published by Dimmler et al. (104 strands/μg
lipoproteins are comparable to 10−9 strands/particle) [41].

Moreover, we have estimated that for the observed increase of miRNA strands per cell at
standard receptor density, each cell has to interact, on average, with at least 7.5 million HDL
particles (assuming a miRNA/particle ratio of 1:104, see Table 1) during the incubation period of 16 h.
Under the assumption of no intracellular degradation of miRNA, this value represents only a lower
limit. This yields a minimum of roughly 60 uptake events of HDL particles per second—a calculation
previously unavailable, which enables a rough estimation of the absolute cargo transfer. According to
our measured ratio of 10−9 miRNA strands per native HDL particle, on average, it would take more
than half a year until a single miRNA strand has been taken up by a single cell. In contrast to
HDL-mediated miRNA-uptake, we did not observe a significant increase of the miRNA level using
LDL particles—an observation in agreement with the different lysosomal uptake pathway of LDL,
which leads to degradation of the cargo itself.

Furthermore, our observation that reconstitution and the associated delipidation step did not
influence the miRNA/particle ratio leads us to speculate that miRNA itself is not dominantly
lipid-associated, and thus, not associated to the particle surface. Experiments using fluorescently
labeled miRNA added to planar supported lipid bilayers (data not shown) yielded no observable
signal—independent of the tested conditions (lipid composition, miRNA-concentration, temperature,
pH-value, label). Moreover, extra-particular electrostatic association seems unlikely, due to the negative
surface potential of lipoprotein particles and the poly-anionic nature of RNA strands. In addition,
miRNAs are usually incorporated into a protein of the Argonaute family (AGO1-4) and have
been proposed to circulate with HDL [13]. More than 150 proteins were found within the HDL
particle fraction using proteome analysis; 95 of these proteins were identified to be specifically
bound to the HDL particle. However, neither of the AGO proteins were detected [14–19].
Additionally, using Western Blot analysis and fluorescence imaging, we were unable to detect any
AGO-2 protein (unpublished data). Therefore, it seems to be unlikely that this protein family is
carrying the miRNA of HDL particles. The protein moiety enabling some of the HDL particles to bind
miRNA still remains elusive.

In summary, we conclude that miRNA is transported and transferred to cells
via lipoprotein particles, however, most likely plays no relevant role in vivo regarding the alteration
of the cellular miRNA, and thus, the mRNA profile. However, lipoprotein particles may serve
as diagnostic tools for certain disease-specific miRNAs—as exemplarily demonstrated here by
us—or moreover, as an artificial drug delivery system.

Author Contributions: Conceptualization, M.A., S.M.M., W.S., H.S. and B.P.; Methodology, M.A., S.M.M., W.S.,
H.S. and B.P.; Validation, M.A., H.S. and B.P.; Formal Analysis, M.A., A.K.; Investigation, M.A., S.M.M. and A.K.;
Resources, H.S. and B.P.; Writing-Original Draft Preparation, M.A., H.S. and B.P.; Visualization, M.A., A.K. and B.P.;
Supervision, H.S. and B.P.; Project Administration, H.S. and B.P.; Funding Acquisition, S.M.M., H.S. and B.P.

69



Genes 2018, 9, 533

Funding: This work was supported by the Austrian Science Fund Project P29110-B21,
the “Hochschuljubiläumsstiftung der Stadt Wien zur Förderung der Wissenschaft” Project H-3065/2011,
the European Fund for Regional Development (EFRE, IWB2020), the Federal State of Upper Austria and the “Land OÖ
Basisfinanzierung”.

Acknowledgments: We thank C. Röhrl and M. Ogris for helpful discussions. We thank J. Strasser for providing
the miRNA-image used in the graphical abstract.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Unspecific binding of HDL particles to the chamber.

Chamber Conditions < # miRNA > SD < # miRNA >

Blocking with 5% BSA for 1 h +
medium for 16 h 2600 5

Blocking with 500 μg/mL native HDL for 1 h +
medium for 16 h 2200 90

Blocking with 5% BSA for 1 h +
50 μg/mL rHDL + miR-155 & spermine for 16 h 14500 2800

Blocking with 500 μg/mL native HDL for 1 h +
50 μg/mL rHDL + miR-155 & spermine for 16 h 11000 2800

50 μg/mL rHDL + miR-155 & spermine for 16 h 11000 2100

5 μg/mL rHDL + miR-155 & spermine for 16 h 2800 140

The average number of miRNA < # miRNA > corresponds to the same volume as is contained in the chamber with
ldlA7-SR-B1 cells (Table 4). For the authors, the only reasonable way to compare these values to the numbers from
Table 4 is to divide them by the number of cells used (there ~3100 cells).

Table A2. RQ Values from Figure 1 of CRF (top) and hemodialysis patients (bottom).

Assay RQSERUM RQHDL Assay RQSERUM RQHDL Assay RQSERUM RQHDL

miR-106b 1.78 0.82 miR-19b 0.52 0.80 miR-425-5p N.D. 0.83
miR-25 1.80 0.87 miR-652 0.64 0.93 miR-148b N.D. 0.85
miR-127 2.68 1.94 miR-185 0.86 1.16 miR-485-3p N.D. 0.87
miR-331 1.29 0.70 miR-374 1.39 1.71 miR-99b N.D. 0.88
miR-30b 1.34 0.78 miR-195 0.62 0.97 miR-28-3p N.D. 0.96
miR-323-3p 2.21 1.73 miR-223 0.38 0.74 miR-376c N.D. 0.97
miR-142-3p 1.46 1.04 miR-20b 0.23 0.82 let-7b N.D. 1.12
miR-335 0.79 0.39 miR-24 0.62 1.23 let-7g N.D. 1.34
miR-145 0.63 0.27 miR-574-3p 0.35 0.98 miR-29c N.D. 1.39
miR-221 1.22 0.95 miR-146b 0.63 1.41 miR-26b N.D. 1.45
miR-150 2.30 2.05 let-7d 0.55 1.42 miR-155 N.D. 1.66
miR-20a 1.11 0.87 miR-186 0.28 1.26 miR-494 N.D. 1.85
miR-30c 1.17 0.94 miR-16 0.83 1.82 miR-152 N.D. 1.97
miR-15b 0.93 0.70 miR-27b 0.91 2.03 miR-454 N.D. 2.05
miR-19a 1.17 0.97 miR-376a 0.63 1.97 miR-133a N.D. 2.12
miR-17 1.07 0.88 miR-139-5p 0.65 2.09 miR-539 N.D. 2.37
miR-328 0.93 0.75 miR-628-5p 2.32 3.83 miR-148a N.D. 2.85
miR-199a-3p 1.06 0.91 miR-29a 0.80 2.40 miR-518f N.D. 2.99
miR-320 1.07 0.93 miR-122 0.96 2.97 miR-627 N.D. 3.02
miR-191 1.12 0.98 miR-192 0.32 3.76 miR-636 N.D. 3.73
miR-26a 1.20 1.09 miR-142-5p N.D. 0.35 miR-301b N.D. 3.83
miR-126 1.30 1.20 miR-526b N.D. 0.38 miR-107 N.D. 5.30
miR-92a 0.90 0.81 miR-103 N.D. 0.45 miR-410 N.D. 5.77
miR-197 0.46 0.37 miR-744 N.D. 0.45 miR-424 N.D. 6.91
miR-484 0.75 0.71 miR-340 N.D. 0.48 miR-487b N.D. 6.92
miR-106a 0.92 0.90 let-7a N.D. 0.50 let-7c N.D. 13.26

let-7e 1.53 1.58 miR-130b N.D. 0.56 miR-486 0.61 N.D.
miR-222 0.67 0.87 miR-130a N.D. 0.58 miR-532 1.11 N.D.
miR-27a 1.38 1.59 miR-301 N.D. 0.65 miR-375 1.20 N.D.
miR-21 0.66 0.90 miR-128a N.D. 0.72 miR-423-5p 1.24 N.D.

miR-342-3p 0.78 1.04 miR-28 N.D. 0.75 miR-212 1.63 N.D.
miR-146a 0.77 1.03 miR-345 N.D. 0.82
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Table A2. Cont.

Assay RQSERUM RQHDL Assay RQSERUM RQHDL Assay RQSERUM RQHDL

miR-24 4.86 0.92 miR-99b 0.82 0.84 miR-483-5p 0.43 N.D.
miR-574-3p 3.59 0.86 miR-146a 0.58 0.65 miR-192 0.59 N.D.
miR-222 3.29 1.20 miR-146b 0.55 0.65 miR-99a 2.80 N.D.
miR-27b 3.16 1.30 miR-425-5p 0.56 0.66 miR-660 3.94 N.D.
miR-29c 2.36 0.52 miR-328 0.44 0.54 miR-193a-5p 6.52 N.D.
miR-152 1.84 0.50 miR-454 0.23 0.34 miR-125b 16.31 N.D.
miR-376c 2.05 0.73 miR-150 0.57 0.71 miR-193b 17.65 N.D.
miR-744 2.98 1.81 miR-323-3p 0.59 0.78 miR-200c 90.15 N.D.
miR-181a 1.67 0.61 miR-335 0.26 0.45 miR-203 1626.14 N.D.
miR-29a 2.90 2.03 miR-26b 1.03 1.24 miR-532 N.D. 0.39
miR-221 1.61 0.86 miR-191 0.46 0.69 miR-370 N.D. 0.47
miR-331 1.67 0.92 miR-30b 0.72 0.96 miR-339-3p N.D. 0.52

let-7b 1.30 0.68 miR-320 0.58 0.83 miR-301 N.D. 0.54
miR-19a 1.17 0.56 miR-199a-3p 0.24 0.57 miR-125a-5p N.D. 0.54
miR-636 0.87 0.37 miR-628-5p 0.29 0.65 miR-148b N.D. 0.55
miR-27a 1.20 0.72 miR-223 0.27 0.63 miR-590-5p N.D. 0.58
miR-106a 1.09 0.64 miR-30c 0.59 0.98 miR-142-5p N.D. 0.62

let-7d 1.38 0.99 miR-374 0.45 0.83 miR-597 N.D. 0.64
miR-20a 0.94 0.55 miR-126 0.34 0.73 miR-133a N.D. 0.65
miR-19b 1.09 0.71 miR-142-3p 0.30 0.69 miR-539 N.D. 0.70
miR-21 0.91 0.71 miR-28-3p 0.52 0.93 let-7a N.D. 0.73

miR-423-5p 0.36 0.23 miR-526b 0.57 1.05 miR-127 N.D. 0.79
miR-197 0.95 0.85 miR-106b 0.52 1.03 miR-18a N.D. 0.87
miR-186 0.60 0.51 miR-139-5p 0.22 0.76 miR-411 N.D. 0.92

let-7g 0.68 0.60 miR-92a 0.32 0.88 miR-324-3p N.D. 1.10
miR-20b 0.85 0.78 miR-484 0.34 1.15 miR-185 N.D. 1.28
miR-652 0.53 0.46 miR-25 0.75 1.58 miR-148a N.D. 1.31
miR-26a 0.93 0.87 miR-103 0.63 1.46 miR-130b N.D. 1.35

let-7e 0.83 0.78 miR-145 0.20 1.11 miR-155 N.D. 1.65
miR-16 0.39 0.35 miR-195 0.25 1.20 miR-132 N.D. 2.02

miR-130a 1.07 1.04 miR-486 0.18 1.28 miR-487b N.D. 2.11
miR-342-3p 1.37 1.35 miR-15b 0.23 1.35 miR-28 N.D. 2.22
miR-17 0.73 0.71 miR-122 0.23 9.61

Arrangement of data is equal to the clockwise order shown in Figure 1; for miRNA data with only one available
value (not shown in Figure 1), the miRNAs are arranged in an ascending order.
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Figure A1. Spatial characterization of reconstituted/labeled lipoprotein particles. High-speed atomic
force microscopy (HS-AFM) images of reconstituted HDL particles (a), rHDL particles with miR-155
& spermine (b), labeled LDL particles (c) and labeled LDL particles with miR-155 & spermine (d).
The size analysis yielded distributions of particle heights for native HDL particles (N = 125 particles,
<height> = 7.3 nm ± 1.5 nm), rHDL particles (N =110, <height> = 5.5 nm ± 1.0 nm) and rHDL particles
+ miR-155 & spermine (N = 122, <height> = 5.5 nm ± 0.9 nm) (e), as well as for native LDL particles
(N = 79, <height> = 16.1 nm ± 2.4 nm), labeled LDL particles (N = 89, <height> = 17.2 nm ± 3.4 nm)
and LDL particles + miR-155 & spermine (N = 57, <height> = 18.8 nm ± 2.4 nm) (f).

Figure A2. Cont.
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Figure A2. Standard curves for miR-145 (top), miR-155 (center) and miR-223 (bottom).
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Abstract: The endometrium undergoes extensive changes to prepare for embryo implantation
and microRNAs (miRNAs) have been described as playing a significant role in the regulation
of endometrial receptivity. However, there is no consensus about the miRNAs involved in
mid-secretory endometrial functions. We analysed the complete endometrial miRNome from early
secretory (pre-receptive) and mid-secretory (receptive) phases from fertile women and from patients
with recurrent implantation failure (RIF) to reveal differentially expressed (DE) miRNAs in the
mid-secretory endometrium. Furthermore, we investigated whether the overall changes during early
to mid-secretory phase transition and with RIF condition could be reflected in blood miRNA profiles.
In total, 116 endometrial and 114 matched blood samples collected from two different population
cohorts were subjected to small RNA sequencing. Among fertile women, 91 DE miRNAs were
identified in the mid-secretory vs. early secretory endometrium, while no differences were found in
the corresponding blood samples. The comparison of mid-secretory phase samples between fertile and
infertile women revealed 21 DE miRNAs from the endometrium and one from blood samples. Among
discovered novel miRNAs, chr2_4401 was validated and showed up-regulation in the mid-secretory
endometrium. Besides novel findings, we confirmed the involvement of miR-30 and miR-200 family
members in mid-secretory endometrial functions.

Keywords: endometrial receptivity; infertility; microRNA; recurrent implantation failure; small
RNA-seq
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1. Introduction

The establishment of a receptive endometrium is essential for successful embryo implantation.
The endometrium is receptive within a limited time frame during the mid-secretory cycle phase and
aberrations in the processes involved in transition to this stage can lead to infertility [1,2]. Indeed,
impaired endometrial receptivity is suspected to play a major role in female infertility among women
suffering from recurrent implantation failure (RIF). Gaining insights into the complex mechanisms
controlling changes within the endometrium is crucial to understanding not only embryo implantation
but also endometrial dysfunction that can lead to infertility. Although hundreds of simultaneously
up- and down-regulated genes have been implicated in the processes of acquiring endometrial
receptivity [3,4] and the development of RIF [5–10], the precise molecular mechanisms regulating gene
expression necessary for endometrial function in fertility and infertility-associated diseases are not
well understood.

MicroRNAs (miRNAs), non-coding RNAs (ncRNAs) of ~22 nucleotides in length, act as
post-transcriptional regulators of gene expression by inhibiting the stability or repressing the translation
of their target messenger RNA (mRNA) molecules [11]. To date, more than 2500 annotated miRNAs in
the human genome are known, and as each miRNA may regulate hundreds of genes, it is estimated
that miRNAs collectively adjust the expression of over one third of genes in the human genome [11,12].
Hence, miRNAs orchestrate a large variety of processes, including the cyclic changes in the female
reproductive tract [13] and cellular processes involved in implantation, such as cellular differentiation,
proliferation and apoptosis [14].

The involvement of miRNAs in the mid-secretory endometrial functions has been
demonstrated [15–17] and aberrant miRNA profiles in RIF have been identified in a few previous
microarray-based [18–21] and two RNA-sequencing (RNA-seq) based studies [22,23]. However, as the
analysis settings and platforms have been different and only a small number of samples have been
analysed, there is no consensus about the list of miRNAs involved in endometrial receptivity and in
endometrial dysfunction(s), advocating further investigations.

Therefore, we set out to analyse the complete spectrum of endometrial miRNAs–miRNome from
paired early secretory (ES) and mid-secretory (MS) phase samples collected from two independent
population cohorts using the comprehensive RNA-seq technology. Additionally, MS endometrial
samples from RIF patients were included in order to identify the dysregulated miRNAs in infertility.
Furthermore, we investigated whether the overall cyclic changes in the female body during ES to MS
transition and with RIF condition could also be reflected in blood miRNA profiles.

2. Materials and Methods

2.1. Study Participants

The study was approved by the Research Ethics Committee of the University of Tartu, Estonia
(No 221/M-31), and the Ethical Clinical Research Committee of IVI Clinic, Valencia, Spain (No
1201-C-094-CS). Informed consent was signed by all women who entered the study and all research
was performed in accordance with relevant guidelines and regulations.

The study participants were recruited and samples were collected by two independent research
teams from two countries: Estonia (EST) and Spain (ESP). All protocols were standardized across the
study centres with exceptions highlighted in the “Sample collection” paragraph.

The healthy fertile group consisted in total of 39 women: EST n = 22, age 30.2 ± 3.3 years (mean ±
standard deviation), body mass index (BMI) 23.1 ± 4.2 kg/m2; and ESP n = 17, age 29.4 ± 3.6 years, BMI
23.2 ± 2.8 kg/m2; with self-reported regular menstrual cycles. All women had at least one live-born
child (1.5 ± 1.0 for EST cohort; 1.2 ± 0.4 for ESP cohort) within the last 10 years (5.3 ± 2.6 years, data
available for the EST cohort) and no previous infertility records.

RIF patient group consisted in total of 38 women: EST n = 21, age 35.1 ± 3.9 years, BMI 22.3 ±
2.3 kg/m2; ESP n = 17, age 36.7 ± 3.3 years, BMI 25.2 ± 5.3 kg/m2. All RIF patients had undergone at
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least three (4.0 ± 1.5 for EST cohort; 3.0 ± 1.7 for ESP cohort) unsuccessful in vitro fertilisation (IVF)
treatment cycles with embryo transfers. No donor eggs were used in the treatments. RIF patients were
not undergoing hormonal stimulation for IVF at the time of sample collection. Among these patients,
tubal and male factor were the main reasons for infertility along with endometriosis and unexplained
infertility. Two participants were suffering from secondary infertility with the experience of childbirth
in average 6.5 ± 0.5 years ago. None of the participants had received hormonal treatments for at least
three months prior to the time of sample collection.

2.2. Sample Collection

All women performed urine-based ovulation tests to determine the luteinizing hormone (LH)
surge using commercial kits (BabyTime® hLH urine cassette, Pharmanova, Beit Shemesh, Israel).
The day with positive outcome of the ovulation test is referred to as LH + 0. Healthy women donated
endometrium and blood samples during two time-points of the same menstrual cycle: LH + 1 to LH +
3 corresponding to the ES phase and LH + 7 to LH + 9 corresponding to the MS phase. Women in the
RIF group provided samples at MS phase (LH + 7 to LH + 9).

Endometrial tissue was obtained using Pipelle catheter (Laboratoire CCD, Paris, France).
The biopsy was divided into two parts: one part was rinsed in sterile phosphate-buffered saline
(PBS) and frozen at −80 ◦C in RNAlater solution (Thermo Fisher Scientific, Waltham, MA, USA) in EST
or without any additives in ESP, the other portion was placed in 10% buffered formalin for histological
evaluation. Histological dating was conducted to confirm the endometrial phase. In addition, the
receptivity status of all endometrial biopsies was assessed and confirmed by analysing a set of 57
receptivity biomarkers as part of our previous studies [4,24].

Blood samples were collected and processed differently by the two research centres. In EST,
whole blood samples were collected into PAXgene Blood RNA Tubes (Qiagen, Hilden, Germany),
incubated at room temperature for 2 h and then frozen until further use. In ESP, blood samples were
collected with tubes containing K2-EDTA anticoagulant, the buffy coat fractions containing leukocytes
and platelets were separated by a centrifugation procedure with Histopaque-1077 (Sigma-Aldrich,
St. Louis, MO, USA), and were frozen until further use.

2.3. RNA Extraction from Endometrial Tissue

Up to 30 mg of the endometrial tissue was processed using miRNeasy Mini and RNeasy MinElute
kits (Qiagen), following the manufacturer’s protocol for isolating small RNA (<200 nucleotides)
separately from large RNA molecules. DNase I treatment was performed on column using RNase-Free
DNase Set (Qiagen). Purified RNA quantity was determined with Bioanalyzer 2100 Small RNA kit
(Agilent Technologies, Santa Clara, CA, USA).

2.4. RNA Extraction from Blood Samples

In EST, RNA was extracted from the whole blood samples using PAXgene Blood miRNA Kit
(Qiagen) according to manufacturer’s instructions. In ESP, total RNA was isolated from buffy coat
(leukocytes and platelets) using the miRNeasy Mini Kit and then cleaned with RNA Cleanup kit
(Qiagen). On-column DNase I treatment was performed with RNase-Free DNase Set (Qiagen) for
all samples.

2.5. Small RNA Sequencing

A total of 116 endometrial samples (EST n = 65; ESP n = 51) and 114 blood samples (EST n = 65;
ESP n = 49) were subjected to small RNA sequencing in the current study (Figure 1). Small RNA
libraries were constructed following the TruSeq Small RNA Library Preparation Guide (Illumina,
San Diego, CA, USA). As input, 1 μg of total RNA or small RNA fraction was used; 12-plexing of
samples was performed by inserting Illumina index sequences into each library. Final purification step
was performed by manually selecting libraries corresponding to the length of inserted miRNAs (area
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between 145–160 bp) using gel electrophoresis (6% Novex TBE gels). Libraries were quantified and
validated with Agilent 2100 Bioanalyzer (Agilent Technologies), normalized, pooled, used for cluster
generation on the cBot and sequenced on HiSeq 2000/2500 with a configuration of 50 cycles Single
Reads following manufacturer’s instructions (Illumina) at Lifesequencing S.L., Valencia, Spain (ESP
samples) or at Estonian Genome Center Core Facility, Tartu, Estonia (EST samples).

Figure 1. Number of samples included to small RNA sequencing, to final microRNA (miRNA) analysis
and to messenger RNA (mRNA) sequencing analysis. EST—Estonian samples; ESP—Spanish samples;
RIF—recurrent implantation failure; ES—early secretory phase; MS—mid-secretory phase.

2.6. SMALL RNA Sequencing Data Analysis

Small RNA sequencing data were deposited into the Gene Expression Omnibus (GEO accession
number GSE108966). Quality control and adapter trimming of raw sequences was performed using
Trimmomatic version 0.36 [25]. All sequences were scanned with 4-base long sliding window and
reads were dropped if the average quality of base pair was below 30 according to the Phred +33 quality
score system or if total read length was less than 17.

Identification of miRNAs from sequencing reads was performed by the miRDeep2 algorithm [26].
Firstly, mapper.pl algorithm was used to map the trimmed high-quality sequences to the UCSC human
genome version hg19. Common reads were collapsed and passed as input to miRDeep2.pl algorithm
together with mature and stem-loop sequences of human miRNAs from miRBase version 21 [27].
Standard miRDeep2 settings were used for the analysis.

Raw read counts for each miRNA from miRDeep2 analysis were used as input for differential
expression analysis in edgeR package version 3.16.5 [28,29]. Analysis was run on R software
environment version 3.3.1. Samples with library size below 500,000 reads and those performing
as clear outliers according to the multidimensional scaling (MDS) plot were omitted. The remaining
number of patient samples used for each comparison is displayed in Figure 1. Count per million
(CPM) of at least 1 in 75% of samples in the smaller group was set as a threshold for each miRNA to be
included in the analysis for each separate comparison. The remaining raw library sizes were scaled
according to the method of weighted trimmed mean of M-values [30].

For comparing samples from ES and MS phases, a generalized linear model (GLM) likelihood
ratio test with paired design was performed. For comparison of samples from fertile group and
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from patients with RIF, GLM test with age adjustment was implemented as age between those two
groups was statistically different (t-test, p < 0.05). EST and ESP datasets were analysed separately and
miRNAs that were detected as differentially expressed (DE) in both sample sets were included for
further analysis.

2.7. Novel miRNA Identification

Novel miRNAs were predicted from 92 blood samples and 110 endometrial samples (Table 1).
The reads predicted as potential candidate miRNAs by miRDeep2 were subjected to BLAST in order
to discriminate the sequences corresponding to other human ncRNAs such as rRNA, snRNA, tRNA,
lncRNA etc. Mature miRNA sequences of Pan troglodytes were included as input for evolutionary
conservation analysis, which provides more solid confirmation for finding novel unannotated miRNAs
from high-throughput sequencing experiments [31]. Sequences were considered as potentially novel
miRNAs if they met the following criteria: (a) miRDeep2 score ≥ 5, (b) significant randfold p-value, (c)
detected in at least 3 samples within a sample/biofluid type (endometrium or blood), (d) detected
from two different datasets (EST + ESP) or detected from different sample types (endometrium and
blood). miRDB was used for novel miRNA target prediction [32] and Ingenuity Pathway Analysis
(IPA, 2017, Qiagen Bioinformatics Redwood City, CA, USA) was performed on predicted targets.

2.8. mRNA Data Analysis for miRNA Target Prediction

For miRNA target gene prediction purposes, mRNA data from our previously published RNA-seq
study were retrieved from Gene Expression Omnibus (GSE98386) [4,24]. The mRNA dataset comprised
of a subset of the same samples that were used for miRNA analysis in the current study (Figure 1).
Raw mRNA sequencing read quality was inspected with FastQC v.0.11.3 (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) before and after the preprocessing step. Adapter removal and
trimming was performed with Trimmomatic tool v. 0.32 [25]. Quality threshold was set to 30 according
to Phred-33 scoring system and reads <36 nucleotides were omitted. FASTQ Quality Filter from
FASTX-Toolkit v. 0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/index.html) was used as a second
level of quality control, where the average quality threshold of 30 for every 50 nucleotides was set.
Good quality reads were mapped to the human reference genome hg19 using TopHat v. 2.0.11 [33].
Read counts for every gene in Ensembl v.75 annotation file were generated with HTSeq v.0.6.1 [34].
Differential gene expression analysis was performed by using edgeR package according to the same
parameters as described in miRNA data analysis. List of DE mRNAs that were common for EST and
ESP samples were passed to miRNA-mRNA interaction analysis.

2.9. Integrated Analysis of miRNA and mRNA Data

Differentially expressed miRNAs and mRNAs in endometrial samples from ES vs. MS phases
from fertile women and from MS phase of RIF patients were further analysed using the software IPA.
The tool microRNA Target Filter was applied which allows prioritization of experimentally validated
and predicted mRNA targets from TargetScan, TarBase, miRecords, and the Ingenuity Knowledge Base.
Expression pairing of our miRNA and mRNA RNA-seq data was performed using the confidence
filter of ‘experimentally observed’ and ‘high confidence’, and the expression pairing filter of opposite
expression directions was applied (pairs of up-regulated miRNA with down-regulated mRNA, and
down-regulated miRNA with up-regulated mRNA). The involvement of detected miRNA target genes
in different canonical pathways was analysed. The overall level of gene expression in the canonical
pathways was analysed by GOplot package version 1.0.2 in R statistical environment. The z-score
refers to the level of under- or overrepresented mRNAs in each pathway and is calculated as z =
(number of up-regulated genes − number of down-regulated genes)/

√
count [35].

miRNA–mRNA interactions were not analysed on data from blood samples because no DE
miRNAs between blood samples corresponding to MS vs. ES phase were identified in either of the
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two cohorts of fertile women (Figure 2), and no consensus mRNAs were identified between EST and
ESP cohorts when comparing blood mRNAs from MS cycle phase of fertile vs. RIF women.

2.10. Novel miRNA Validation Using Quantitative Real-Time Polymerase Chain Reaction

Custom TaqMan Small RNA assay (Thermo Fisher Scientific) was used for novel miRNA
(chr2_4401, sequence: gaacacugaaguuaauggcug) validation with eight paired ES and MS endometrial
samples from fertile women and eight MS endometrial samples from RIF women. The average level
of miR-151a-5p and miR-196b-5p was used as reference for normalization. These reference miRNAs
were chosen due to their stable expression levels according to the current small RNA sequencing
data. Additionally, five paired endometrial stromal (CD13+) and epithelial cell (CD9+) samples (two
from ES and three from MS phase) isolated by fluorescence-activated cell sorting (FACS) were used
to determine the cell type specificity of the novel miRNA. Cell sorting was performed according to
our previous publication [36]. cDNA synthesis was conducted with TaqMan MicroRNA Reverse
Transcription Kit (Thermo Fisher Scientific) and quantitative real-time polymerase chain reaction
(qRT-PCR) was performed with TaqMan Universal PCR Master Mix, No AmpErase UNG (Thermo
Fisher Scientific). Real-time experiments were performed in duplicate. Relative miRNA expression
levels were compared between the studied groups by paired (ES vs. MS) or unpaired (fertile vs.
RIF) two-tailed t-test (Excel, Microsoft Corporation, Redmond, WA, USA) and p-value ≤ 0.05 was
considered as significant. Fold change (FC) was calculated using the 2−ΔΔCt method [37].

2.11. Data Availability

The datasets analysed during the current study are available in the Gene Expression Omnibus
repository (GEO), accession numbers GSE108966 and GSE98386.

3. Results

3.1. miRNAs in the Endometrium

In this study, 65 endometrial samples from the Estonian cohort (EST) and 51 samples from
independent Spanish validation cohort (ESP) were included for miRNA data analysis (Figure 1).
In total, 615 miRNAs were detected from endometrial samples among the EST cohort and 624 miRNAs
among ESP cohort (CPM of at least 1 in 75% of samples within a sample group of ES or MS of fertile
group, or RIF). Most abundant miRNAs in endometrial tissues from both cohorts were miR-10b-5p,
miR-10a-5p and miR-27b-3p (Table S1A,B).

miRNAs were considered as DE if they showed significantly altered levels (FDR < 0.05) also
in validation cohort (both in EST and ESP). From fertile women, 91 DE endometrial miRNAs
were confirmed from MS vs. ES (Figure 2A) of which 49 were down- and 42 up-regulated in MS
endometrium (Table S2A).

The comparison of MS endometrial samples from RIF patients vs. fertile women in EST and
ESP validation datasets revealed 21 DE miRNAs (Figure 2B), out of which eight miRNAs were more
abundantly expressed in RIF patients and 13 miRNAs in fertile women (Table S2B).

miR-424-5p was the only DE miRNA present in both comparisons—between the ES and MS
endometria of fertile women (Table S2A) as well as between fertile women and RIF patients (Table S2B).
Interestingly, while down-regulated in the MS endometrium of fertile women (average FC = −1.87
between the two cohorts), it was up-regulated in RIF patients’ samples from the same phase (average
FC = 1.74). When predicting miR-424-5p target genes from our mRNA dataset (Figure 1, see Methods
section), we detected 85 targets (Table S3A) with involvement in different canonical pathways
important in MS endometrial functions such as glucocorticoid, insulin receptor, axonal guidance
and interleukins signalling (Table S4A). The miRNA-mRNA target analysis among endometrial
samples from RIF women, based on our experimental datasets, identified miR-424-5p to target solely
Serine/Threonine Kinase 2 (SGK2) gene (Table S3B).
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3.2. miRNAs in Blood

Altogether, 65 blood samples from EST and 49 samples from ESP validation cohort were included
for miRNA data analysis (Figure 1). In total, 305 miRNAs were detected from blood samples among
EST cohort and 710 miRNAs among the independent ESP cohort (Table S1C,D). miRNAs were isolated
from whole blood in EST samples and from the buffy coat fraction in ESP samples. Possibly due to the
differences in sample treatment protocols between the centres, the most abundant miRNAs in blood
varied between the two cohorts: miR-486-5p, miR-92a-3p and miR-451a demonstrated the highest
read counts among EST blood samples, while miR-26a-5p, miR-191-5p and miR-181a-5p exhibited the
highest expression levels among ESP samples.

No DE miRNAs were detected between blood samples corresponding to ES and MS cycle phase in
fertile women either in the EST dataset or in the validation ESP dataset (Figure 2C). The comparison of
blood samples corresponding to MS cycle phase from fertile and RIF women revealed that miR-30a-5p
was significantly up-regulated among RIF patients in EST cohort (FC = 3.0, FDR = 0.01); and the
difference was also confirmed in ESP cohort (FC = 1.9, FDR = 0.03) (Figure 2D).

Figure 2. Number of differentially expressed miRNAs in EST and validation cohort ESP in (A) MS
vs. ES phase endometrial samples of fertile women; (B) MS phase endometrial samples from infertile
recurrent implantation failure (RIF) patient vs. fertile women; (C) MS vs. ES phase blood samples of
fertile women; and (D) MS phase blood samples from RIF patients vs. fertile women. EST - Estonian
samples; ESP—Spanish samples; RIF—recurrent implantation failure; ES—early secretory phase;
MS—mid-secretory phase.

3.3. Novel miRNAs

In total, 18 novel miRNAs were determined from endometrial and blood samples (Tables 1
and S5). Out of these miRNAs, chr2_1900 (sequence: aucugaaauuugaaauggucc) and chr16_22077
(aggcuaggcugggccacag) were detected only from MS endometrial samples (from 7 and 4 out of 73 MS
samples, respectively) and chr2_4401 (gaacacugaaguuaauggcug) was found from the majority (75.3%;
55/73) of MS endometrial samples and only from 2.7% (1/37) of ES endometrial samples. chr14_10307
(ucugagcccuguucucccuagg) was uniquely determined from blood samples of 16.7% RIF patients (4 out
of 24 RIF blood samples).

We further focused on the most promising novel miRNA chr2_4401. Validation analysis by
qRT-PCR confirmed the differential expression of chr2_4401 showing that the level of this novel miRNA
was 37-fold higher (p = 0.0001) in MS compared to ES endometrium in fertile women (Figure 3A). No
statistically significant differences in the expression levels of chr2_4401 between the MS endometrial
samples from fertile and RIF women were detected (Figure 3A). Cell type-specific expression analysis
showed very low levels of chr2_4401 in endometrial stromal cells, but 55-fold upregulation in epithelial
cells was detected (p = 0.003, Figure 3B).
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Figure 3. Validation of the novel miRNA chr2_4401 by quantitative real-time polymerase chain reaction
(qRT-PCR). (A) miRNA expression level differences between paired ES (n = 8) and MS (n = 8) endometria
of fertile women, and MS endometria of RIF (n = 8) patients. The relative miRNA expression levels (ΔCt)
in the endometrium were 37-fold higher in MS compared to ES samples (p = 0.0001). No differences
between MS samples of fertile and RIF patients were observed. (B) Relative expression level differences
in epithelial (n = 5) and stromal (n = 5) fractions. The relative miRNA levels (ΔCt) were 55-fold higher in
epithelial cells (CD9+) compared to stromal cells (CD13+) (p = 0.003). The average levels of miR-151a-5p
and miR-196b-5p were used for data normalization. For illustrative purposes, relative expression levels
(ΔCt) were multiplied by −1. ES—early secretory phase; MS—mid-secretory phase.

The novel miRNA chr2_4401 precursor sequence (Figure 4A) is located within the short arm
of chromosome 2 (p11.2) and is transcribed from intergenic region. No human miRNAs with high
similarity sequences for the predicted novel miRNA was found from miRBase database, however,
chr2_4401 shares the seed region (2–7 nt) with miR-200 family miRNAs (Figure 4B) and, therefore, target
genes of the predicted miRNA are expected to be common with those of the miR-200 family. miRDB
revealed more than 800 potential target genes for chr2_4401 (Table S6A). For pathway analysis, we
focussed only on these potential targets that were detected as down-regulated in the MS endometrium
in our mRNA-seq analysis from the same women (98 genes, Table S6B). The predicted target genes of
this novel miRNA identified in our dataset were involved in pathways including estrogen-mediated
S-phase entry (p = 0.006), cell cycle regulation by B-cell translocation gene (BTG) family proteins
(p = 0.01), role of checkpoint kinase (CHK) proteins in cell cycle checkpoint control (p = 0.03), and
epithelial adherens junction signalling (p = 0.03) (Table S4B).

Figure 4. (A) Hairpin structure of the novel miRNA chr2_4401 precursor predicted by miRDeep2.
(B) Sequence alignment between chr2_4401 and five miR-200 family miRNAs. The seed region
(nucleotides 2–7, red square) of chr2_4401 is identical with miR-141-3p and miR-200a-3p.

3.4. miRNA–mRNA Interaction Prediction

The joint analysis of the miRNA and mRNA RNA-seq data from MS vs. ES endometrial samples
by IPA software detected 81 (out of 91) DE miRNAs and 865 (out of 4240) mRNAs (Table S3A). Further
analysis demonstrated that these 865 target mRNAs are involved in canonical pathways important
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in several MS endometrial functions (Table S4C). According to the calculated z-scores, differential
miRNA expression leads to the up-regulation of gene expression in the glucocorticoid, G-protein
coupled receptor, IGF-1 and JAK/STAT signalling pathways (obtaining the highest z-score), while the
most significant down-regulation of gene expression was observed within Wnt/beta-catenin signalling
pathway (as demonstrated by the lowest z-score) (Figure 5).

Figure 5. Circular plot of IPA canonical pathways enriched with miRNA targets differentially expressed
between MS and ES endometrial samples of fertile women. The inner circle represents the overall
up- or down-regulation of gene expression in each pathway according to the z-score. The outer circle
depicts the fold change of expression level for each gene.

The analysis of our miRNA and mRNA sequencing data from MS endometrial samples from
fertile vs. RIF women detected 21 DE miRNAs and 14 mRNAs. Out of those the IPA program identified
4 miRNAs in interaction with 5 mRNAs (Table S3B). The miRNA targets were detected to be involved
in signal transducer and activator of transcription 3 (STAT3) and cyclin-dependent kinase 5 (CDK5)
signalling pathways (Table S4D).

4. Discussion

Current knowledge about the involvement of miRNAs in endometrial transformation from ES
(pre-receptive) to MS (receptive) stage both in fertility as well as in infertility conditions is limited.
Moreover, it is not known whether the overall systemic changes in women during these processes are
also reflected in blood miRNA profiles, which could serve as non-invasive biomarker candidates for
evaluating fertility status. Therefore, using small RNA-seq technology, we profiled and validated the
complete endometrial and blood miRNome from ES and MS phase samples from healthy fertile women
and infertile RIF patients in two independent sample cohorts. This is the largest miRNA endometrial
receptivity study to date with novel aspects of combining matched samples of the endometrium and
blood from two different populations.

We identified 91 DE miRNAs between the ES and MS endometrium of healthy fertile individuals,
showing the same directions in miRNA expression in both cohorts. Several miRNAs that have
repeatedly been associated with endometrial receptivity were also confirmed by our study, including
miR-30b-5p, miR-30d-3p, miR-30d-5p and miR-30a-5p that were up-regulated in the MS phase
endometrium. Endometrial expression level changes of the miR-30 family members have been
described in a number of previous endometrial receptivity studies [4,15–17,22,23,38]. Furthermore, it
has been previously shown that endometrial miR-30d is taken up by the pre-implantation embryo,
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resulting in modified transcriptome and embryo adhesion [16]. Therefore, our data together with
previous studies collectively indicate that the miR-30 family is crucial in the regulation of endometrial
receptivity and implantation processes in the endometrium.

Another interesting group of miRNAs in endometrial receptivity is the miR-200 family.
We detected several miR-200 family members, such as miR-200a-3p, miR-200c-3p, miR-200c-5p,
miR-141-3p, miR-141-5p and miR-429 to be up-regulated in the MS phase endometrium, being in
line with previously published studies [16,23]. miR-200 family members are shown to target several
genes in the endometrium that influence cell proliferation, migration and inflammation [39], which
are all important cellular processes in MS endometrial functions. Interestingly, the miR-200 family is
predominantly expressed in endometrial epithelial cells [36], which is the first cellular layer to interact
with the implanting embryo. Nevertheless, as whole tissue biopsies were analysed in our study, we
cannot confirm that the detected findings are epithelial cell specific.

Our study results also identified miRNAs that, to the best of our knowledge, have not been
associated with human endometrial receptivity before (Table S2A). For instance, miR-873-3p was
one of the most up-regulated and miR-3131 one of the most down-regulated miRNAs in the MS
phase endometrium from fertile women. The roles of these miRNAs in endometrial tissue remain to
be elucidated, but it has been demonstrated that miR-873-3p plays a role in the selection of bovine
dominant follicle [40].

Interaction analysis of the DE miRNAs and their target genes identified the involvement of
several canonical pathways important in endometrial receptivity, including JAK/STAT signalling,
leptin signalling and growth hormone signalling. JAK/STAT signalling pathway transmits information
from extracellular signals to the nucleus influencing transcription, and its involvement in embryo
implantation is widely acknowledged [41–44]. Leptin signalling, regulated by cytokines and playing
a role in inflammatory response, is another classically known signalling pathway to be involved
in endometrial receptivity [43,45]. Furthermore, leptin is known to mediate the effects of growth
hormone [46]. The beneficial effects of growth hormone administration on endometrial receptivity
have recently been published, where growth hormone increased endometrial blood perfusion and the
expression of different cytokines [47]. Growth hormone administration has also improved implantation,
pregnancy and live birth rates in RIF patients [48]. The Wnt/beta-catenin signalling pathway has
been demonstrated to control estrogen-dependent endometrial cell proliferation, decidualisation,
trophoblast attachment and invasion. Fine-tuning of this pathway is particularly important as
failures in Wnt signalling are associated with infertility, endometriosis, endometrial cancer and
gestational diseases such as complete mole placentae and choriocarcinomas (reviewed in [49]). miRNAs
differentially expressed upon the establishment of receptivity participate in the overall down-regulation
of Wnt/beta-catenin signalling in the normal endometrium according to our results.

The endometrial biopsies from healthy participants were all taken at two time-points (ES and
MS) within the same menstrual cycle. A recent study by Evans et al. demonstrated that the prior
collection of an LH + 2 sample does not affect the general gene expression level of a LH + 7 sample [50].
Their study data suggested that the expression of tested genes exhibited a stable pattern, which was
not affected even when sampled twice in one cycle and is valid to predict endometrial receptivity in
the subsequent cycles. No such studies have been performed regarding miRNA expression, but similar
variability in expression levels is expected within and between cycles as for mRNAs.

Besides the considerable changes in endometrial tissue, cyclic alterations take place throughout
the female body during the menstrual cycle under the governance of steroid hormones. In order to find
systemic miRNA changes as indirect markers that could reflect the receptive stage of the endometrium,
we analysed blood samples that were collected simultaneously to endometrial biopsies. However,
no DE blood miRNAs were found between the samples corresponding to ES and MS time-points in
either of the cohorts, regardless of the sample isolation protocol. Prior to our current study, miRNAs
from whole blood have not been investigated in abovementioned time-points, but we have previously
shown that there are no differences in circulating plasma miRNA profile throughout the menstrual
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cycle [51]. Therefore, it is probable that there are no blood-derived miRNAs that could reflect the
changes which occur in female body during the establishment of the receptive endometrium.

Another interesting aspect of our study was the identification of dysregulated miRNAs among
RIF women. Although this study group comprised of patients with various causes of infertility, they
all had in common at least three unsuccessful IVF treatments with embryo transfers. We identified
21 DE miRNAs in the MS endometrium of RIF patients compared to fertile women. Notably, as has
also been previously reported [21–23], miR-424-5p was up-regulated in RIF patients, while being
down-regulated in the mid-secretory endometrium of healthy fertile women. Therefore, miR-424-5p
may be a useful marker to determine endometrial insufficiency for embryo implantation. miR-424-5p
has been previously shown to stimulate cell-to-cell adhesion during embryo implantation by targeting
osteopontin (encoded by SPP1 gene) [22,52,53]. Aberrant osteopontin levels in the endometrium have
been linked to infertility [54].

Our target prediction analysis for miR-424-5p detected genes involved in numerous interleukins
signalling pathways in the MS endometrium of fertile women, while the differential expression
of a single miR-424-5p target gene, SGK2, was detected in the MS endometrium of RIF patients.
Interleukins are a group of cytokines that regulate cell growth, differentiation, and they are particularly
important in stimulating immune responses. The importance of immune responses in the pre- and
peri-implantation periods in endometrial functions are widely acknowledged [4]. In order to provide a
hospitable environment for the embryo, the balance between the maternal immune tolerance toward a
semi-allogeneic implanting embryo and the protective anti-infectious mechanisms in the receptive
phase uterus must be established [55]. Indeed, a recent study detected a range of interleukins to be
down-regulated in infertile women with implantation failure in IVF [56]. SGK2, the potential target
of miR-424-5p in RIF patients, is a protein kinase having powerful stimulating effect on K+ channels
with a possible role in the regulation of epithelial transport and cell proliferation [57]. The importance
of ion channels, including K+ in the regulation of endometrial receptivity has been summarised in a
previous review [58]. However, to the best of our knowledge, SGK2 has not been identified before
in endometrial functions, and it could serve as an interesting target for future studies in women
experiencing implantation failure.

Interaction analysis of our DE miRNAs and mRNAs identified the involvement of STAT3 and
CDK5 signalling pathways in the development of RIF. CDK5 participates in a variety of cellular
processes via the effects on angiogenesis, cell proliferation, cell adhesion, migration, and immune
system (summarised in a recent review [59]).

Despite the differences in sample isolation protocols applied in the two cohorts, miR-30a-5p was
elevated in the blood of RIF patients in both datasets. As miRNA levels in blood reflect its cellular
composition, it is possible that the observed differences in miR-30a-5p levels between RIF patients and
controls are derived from the alterations in the ratio of different cell types in blood samples. Although
there are studies indicating that infertile women have altered levels of immune cells in blood, the
results are highly conflicting [60], and therefore we cannot confirm nor rule out the possibility that
miR-30a-5p alteration is due to variability in immune cell levels in RIF patients. Nevertheless, this
miRNA could indirectly imply to the dysregulated physiological conditions resulting in implantation
failure and serves as a potential minimally invasive biomarker in this regard. miR-30a-5p acts as a
tumour suppressor by inhibiting cell proliferation and invasion [61–63]. In blood cells, miR-30a takes
part in the regulation of erythrocyte maturation [64]. However, the precise mechanism that leads to
the observed elevated levels in RIF patients’ blood in our study remains obscure.

As an additional finding in our study, we identified 18 novel miRNAs. Recently, a publication
involving nearly 500 small RNA libraries from different mammalian primary cells analysed whether
previously annotated and unannotated short RNA sequences serve as valid miRNAs [65]. Several
sequences proposed as novel unannotated miRNAs in our study matched the genomic coordinates
of proposed precursor sequences (including chr2_1900 and chr2_4401) and some met the multiple
high-confidence criteria set for miRNAs in the aforementioned publication [65] (Table S5). This adds
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further confidence that the reported novel sequences in our study are genuine miRNAs. The most
interesting finding to emerge from novel miRNA analysis was sequence chr2_4401 that showed higher
expression levels in the MS vs. ES phase endometrium. Sequence alignment of chr2_4401 to several
miR-200 family members demonstrates that their seed regions are identical. Therefore, we conclude
that chr2_4401 plays similar important roles in MS endometrial functions as described above for the
miR-200 family.

5. Conclusions

Our study approach, involving 230 samples, provides additional knowledge about the complex
regulation of endometrial receptivity for successful embryo implantation. Our study results highlight
the involvement of miR-30 and miR-200 family members in endometrial receptivity development, and
miR-424-5p as dysregulated in RIF. The current study also identified several miRNAs not previously
known to be involved in endometrial receptivity. We discovered several novel miRNAs, among which
validated miRNA chr2_4401 is of most interest in MS endometrial functions. The results of our study
provide new aspects of miRNA functions in MS endometrial processes in health and disease and
provide means for further studies for identifying molecular biomarkers of fertility/infertility from
endometrial and/or blood samples.
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Abstract: Fibroblasts/myofibroblasts are the key effector cells responsible for excessive extracellular
matrix (ECM) deposition and fibrosis progression in both idiopathic pulmonary fibrosis (IPF) and
systemic sclerosis (SSc) patient lungs, thus it is critical to understand the transcriptomic and proteomic
programs underlying their fibrogenic activity. We conducted the first integrative analysis of the
fibrotic programming in these cells at the levels of gene and microRNA (miRNA) expression, as well
as deposited ECM protein to gain insights into how fibrotic transcriptional programs culminate in
aberrant ECM protein production/deposition. We identified messenger RNA (mRNA), miRNA,
and deposited matrisome protein signatures for IPF and SSc fibroblasts obtained from lung transplants
using next-generation sequencing and mass spectrometry. SSc and IPF fibroblast transcriptional
signatures were remarkably similar, with enrichment of WNT, TGF-β, and ECM genes. miRNA-seq
identified differentially regulated miRNAs, including downregulation of miR-29b-3p, miR-138-5p and
miR-146b-5p in disease fibroblasts and transfection of their mimics decreased expression of distinct
sets of fibrotic signature genes as assessed using a Nanostring fibrosis panel. Finally, proteomic
analyses uncovered a distinct “fibrotic” matrisome profile deposited by IPF and SSc fibroblasts
compared to controls that highlights the dysregulated ECM production underlying their fibrogenic
activities. Our comprehensive analyses of mRNA, miRNA, and matrisome proteomic profiles in IPF
and SSc lung fibroblasts revealed robust fibrotic signatures at both the gene and protein expression
levels and identified novel fibrogenesis-associated miRNAs whose aberrant downregulation in
disease fibroblasts likely contributes to their fibrotic and ECM gene expression.

Keywords: interstitial lung disease; idiopathic pulmonary fibrosis; systemic sclerosis; myofibroblast;
gene expression; proteomics

1. Introduction

Interstitial lung disease (ILD) associated with idiopathic pulmonary fibrosis (IPF) and systemic
sclerosis (SSc) has a critical impact on a patient’s quality of life and is the predominant cause of
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mortality in these diseases. Although the pathogenesis of pulmonary fibrosis in IPF and SSc remains
incompletely understood, it is generally accepted that they stem from different root causes, with clinical
and genetic evidence supporting epithelial injury/dysfunction and vasculopathy/inflammation
as the underlying pathogenic triggers for IPF and SSc, respectively [1]. Despite their distinct
origins, the resulting persistent tissue injury events converge on pathological fibroblast/myofibroblast
activation, culminating in excessive extracellular matrix (ECM) deposition and ultimately progressive
loss of lung function in both IPF and SSc [2].

To understand mechanisms underlying pulmonary fibrosis, several groups have undertaken
transcriptomic analyses of both tissue and fibroblasts/myofibroblasts derived from fibrotic lung of IPF
and SSc patients [3–9]. These studies found that a limited number of genes, pathways, and functions
are altered in pulmonary fibrosis, including TGF-β and WNT, as well as altered expression of ECM
genes such as collagens, crosslinking enzymes, TIMPs, and MMPs, many of which have been shown to
be functionally relevant in fibrogenesis by subsequent in vitro and in vivo studies. Importantly, key
fibrosis-associated pathways (e.g., ECM, WNT, and TGF-β) identified from transcriptomic analyses of
fibrotic lung tissue were also captured in the gene signatures of isolated fibroblasts, suggesting that the
molecular programming in pulmonary fibrosis is driven in large part by fibroblasts/myofibroblasts.

While these studies have shed insights into mechanisms underlying fibrogenic activation of
fibroblasts/myofibroblasts, their fibrotic programs remain incompletely understood. For example,
most early studies were performed using microarrays, which are less able to accurately detect low
abundance transcripts and are limited to interrogating the expression of the transcripts present on
each array platform, which precludes measuring microRNAs (miRNAs) in many cases [3–9]. To our
knowledge, no global miRNA studies have been reported for either IPF or SSc lung fibroblasts and
how miRNAs regulate their fibrotic program remains to be characterized. In addition, excessive
ECM protein deposition by fibroblasts/myofibroblasts is directly responsible for IPF and SSc disease
pathology, yet surprisingly little has been done to characterize the aberrant matrisome protein profile
of these disease fibroblasts, which is not only affected by transcriptional changes, but is also subjected
to post-transcriptional regulation [10].

To thoroughly interrogate mechanisms by which pathological activation of fibroblasts/
myofibroblasts is regulated in IPF and SSc, we performed genome-wide analyses of both messenger
RNA (mRNA) and miRNA in these cells, and characterized their ECM deposition properties by
proteomic analysis. Altogether, this current study is the first integrative analysis of fibrotic gene and
protein signatures, providing novel insights into the multitude of regulatory mechanisms governing
the fibrogenic potential of fibroblasts/myofibroblasts in pulmonary fibrosis.

2. Materials and Methods

2.1. Cell Culture

Primary fibroblasts were isolated from lung tissues of normal donors whose lungs were not used
for transplantation and SSc or IPF patients who underwent lung transplantation at the University of
Pittsburgh Medical Center under a protocol approved by the institution’s Institutional Review Board.
Isolation and subsequent culture of lung fibroblasts was previously described [4].

2.2. RNA-seq and miRNA-seq Analysis

RNA-seq libraries were prepared using the Illumina (San Diego, CA, USA) TruSeq RNA Sample
kit with poly-T selection and sequenced using a HiSeq (75-bp paired-end reads). Reads were mapped
using Tophat (version 2.0.8), transcripts were assembled using Cufflinks (version 2.2.1), and differential
expression was calculated using CuffDiff.

miRNA-seq libraries were prepared using the Illumina TruSeq Small RNA Sample Kit and
sequenced using an Illumina miSeq (51-bp single-end reads). Bowtie (version 0.12.5) was used to
perform a stepwise alignment of fastq files to Illumina databases. Differentially expressed miRNAs
were identified using Bioconductor’s limma package.
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2.3. Real-Time Reverse Transcription-Polymerase Chain Reaction

RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit with
RNase inhibitor (Life Technologies/Thermo Fisher Scientific (Waltham, MA, USA) #4374966) or
TaqMan MicroRNA Reverse Transcription Kit (Life Technologies/Thermo Fisher Scientific (Waltham,
MA, USA #4366596) in conjunction with appropriate miRNA reverse transcription primers (Table S1).
Real-time quantitative PCR (see Table S1 for TaqMan probes) was run on a Life Technologies
QuantStudio 12K Flex.

2.4. Gene Ontology and Signature Analysis

Gene ontology (GO) analysis was conducted using DAVID Bioinformatics Database [11] and
gene signature analysis was conducted using NextBio curated studies [12] and pre-ranked gene
set enrichment analysis (GSEA) [13]. Ingenuity Pathway Analysis (IPA) was utilized to interrogate
pathways upstream of IPF and SSc differentially expressed gene sets.

2.5. miRNA Mimic Transfection and Nanostring Gene Expression Analysis

Primary lung fibroblasts were reverse transfected with a miRNA mimic or negative control mimic
(2.5 nM final concentration) using Lipofectamine RNAiMAX (Invitrogen/Thermo Fisher Scientific,
Waltham, MA, USA) for 48 h, after which gene expression was assayed with the Nanostring (Seattle,
WA, USA) platform using a custom codeset of common “fibrosis” genes.

2.6. Extracellular matrix Proteomic Profiling

Extracellular matrix proteins deposited by patient-derived fibroblasts after 4 weeks of culture were
enriched by a sequential extraction of cellular and extracellular proteins as described previously [14,15].
The extracted soluble and insoluble ECM samples were further processed for proteomic analysis using
Thermo Fisher Scientific’s (Waltham, MA, USA) TMT10plex label reagent. The labeled samples
were pooled together and fractionated into three fractions. LC-MS of the fractions were acquired
using a Thermo Fisher Scientific QE HF mass spectrometer. Peptide identification and quantification
were performed using Maxquant [16] searched against the human Swiss-Prot reference database
(https://www.uniprot.org/). Protein levels among fibroblast groups were compared by ANOVA test
followed by Tukey’s HSD test.

Additional details for Materials and Methods are provided in Supplementary Materials.

3. Results

3.1. Transcriptional Profiling Identified Similar Dysregulated Gene Expression Programs in Idiopathic
Pulmonary Fibrosis and Systemic Sclerosis Lung Fibroblasts

Lung fibroblasts isolated from IPF and SSc patients undergoing lung transplant and unused
healthy donor lung were grown under similar culture conditions at low passage number (passage
2-3) prior to performing RNA-seq and miRNA-seq. As reflected by the low forced vital capacity %
(FVC) (FVC < 60%) and the patients’ requirement for a transplant, this study provides a snapshot of
fibroblasts from patients with severe, end-stage lung disease (Tables S2 and S3).

RNA-seq analysis of the 30 primary lung fibroblasts (n = 10 for each group) identified
297 differentially expressed genes (DEGs) across all cohort comparisons (≥ ±1.5-fold, false discovery
rate (FDR) q < 0.05) (Figure 1A and Table S4). We confirmed differential expression of several genes by
qPCR (Figure 1B) and expression measured by qPCR and RNA-seq were highly correlated (Figure S1).

The majority of DEGs were observed between disease and control fibroblasts, with 168 DEGs
for the IPF vs. Normal and 176 DEGs for the SSc vs. Normal comparison. The IPF and SSc fibroblast
gene signatures are very similar, as over 40% of the DEGs overlap between them (p < 0.001), and for
those that do not overlap their expression changes generally trend in a similar direction (Figure 1A,C).
This is further supported by the principle component analysis (PCA) of the patient samples using the
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297 DEGs across all comparisons, which illustrates that the IPF and SSc patients cluster close to one
another along the first principle component (Figure 1D).

Interestingly we did identify expression differences between IPF and SSc fibroblasts (68 DEGs
IPF vs. SSc, ≥ ±1.5-fold, FDR q < 0.05, Figure S2), although this seemed to be driven by a small subset
of SSc patients that were among those with notes of pulmonary hypertension, as shown by their clear
separation along the second principle component of the PCA plot (Figure 1D), although it should be
noted that other SSc patients with pulmonary hypertension did not separate out similarly.

Figure 1. RNA-seq identifies 297 differentially expressed genes (DEGs) across idiopathic pulmonary
fibrosis (IPF), systemic sclerosis (SSc), and healthy control primary lung fibroblast comparisons and
demonstrates similar disease signatures between IPF and SSc lung fibroblasts. (A) Heatmap depicting
297 differentially expressed genes as determined from RNA-seq analysis using Cuffdiff (fold-change
≥+1.5-fold or ≤−1.5-fold, q < 0.05) across all comparisons (IPF vs. Control, SSc vs. Control, SSc vs. IPF).
(B) Quantitative polymerase chain reaction (qPCR) analysis validated differential expression of several
genes involved in profibrotic pathways. Gene expression analysis using real-time qPCR on the
30 patient fibroblast samples was conducted as described in Materials and Methods and normalized
to GAPDH. Data is plotted as a log2 fold-change relative to the mean of the healthy control samples.
(C) Venn diagram demonstrating overlap of statistically significant differentially expressed genes
between IPF and SSc fibroblasts. (D) Principle component analysis on the 30 patient fibroblasts was run
using the 297 genes that were significantly different across all patient group comparisons. This allows
for the visualization of how similar/different the patient groups are from one another based on disease
genes as well as IPF or SSc-specific genes. Healthy control fibroblasts= Ctl.

3.2. Idiopathic Pulmonary Fibrosis and Systemic Sclerosis Lung Fibroblast Disease Signatures are Associated
with Pro-Fibrotic Pathways and Extracellular Matrix

The highly similar gene expression profiles of IPF and SSc lung fibroblasts likely represent a fibrotic
disease signature that reflects aberrant activation of upstream signaling that sustains these fibrotic
programs and that is directly involved with the pathological function of fibroblasts/myofibroblasts
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in ILD. Utilizing computational analyses such as GO enrichment analysis, IPA, and gene signature
analysis using rank-based directional enrichment tools such as NextBio [12] and GSEA [13], we
characterized the IPF and SSc fibroblast signatures to determine how they may relate to both upstream
signaling pathways and potential downstream functions.

These tools revealed that IPF and SSc fibroblast signatures are associated with the activation
of several profibrotic signaling pathways such as WNT (Figure 2B), TGF-β (Figure 2C, Figure S3),
NOTCH1 (Figure 2D), and HIF1A (Figure 2D), as well as inhibition of the anti-fibrotic PPARG pathway
(Figure 2D).

Figure 2. The dysregulated gene expression program in disease fibroblasts is composed of altered
matrisome genes and associated with signaling pathways reflective of pathological fibroblast activation.
Shown are heatmaps depicting expression of genes differentially expressed in IPF or SSc fibroblasts
that overlapped significantly with various gene/pathway signatures such as matrisome (A), WNT
(B), or TGF-β (C). (D) IPA upstream regulator analysis was used to predict pathway/transcription
factor activation state upstream of the IPF or SSc DEGs. The pathways shown here are based on data
from IPF DEGs (SSc DEGs had similar results). Shown is the predicted activation/repression of TGF-β,
NOTCH1, HIF1A, and PPARG with lines connecting to genes differentially expressed in IPF fibroblasts
that are downstream of these pathways. Healthy control fibroblasts= Ctl.
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To further probe potential downstream functions of genes altered in IPF and SSc fibroblasts, we
used GO analysis and found that the disease fibroblast gene signatures are enriched for genes associated
with “cell proliferation” (IPF and SSc upregulated genes), “muscle contraction” (IPF upregulated
genes), “response to wounding” (IPF downregulated genes), and “metallopeptidase activity” (IPF
downregulated genes) (Figure 3). In addition, GO terms associated with ECM were the most significant
and frequently observed terms for the upregulated and downregulated gene sets for both IPF and SSc.
Consistent with this, we also found that the IPF and SSc fibroblast signatures are significantly enriched
for components of the in silico matrisome derived by Naba et al. [17], with 64 of the 269 DEGs being
associated with the matrisome (Figure 2A, p < 0.001).

Figure 3. IPF and SSc fibroblast signatures are primarily enriched for genes associated with the
extracellular matrix. Gene ontology (GO) analysis was conducted to identify over-represented GO
terms for the genes upregulated in IPF or SSc fibroblasts (left panel) and downregulated in IPF or SSc
fibroblasts (right panel). Shown are the significantly enriched GO terms (p ≤ 0.05, ≥5% of genes had to
be classified by a GO term), with highly similar GO terms being collapsed using REVIGO [18].

3.3. Global microRNA Profiling Identified Similar Fibrotic microRNA Signatures in Idiopathic Pulmonary
Fibrosis and Systemic Sclerosis Lung Fibroblasts

In order to get a more complete picture of the transcriptional profiles of IPF and SSc lung fibroblasts
and to identify potentially novel mechanisms by which their expression programs are regulated, we
analyzed their miRNA expression using miRNA-seq.

miRNA-seq revealed miRNA expression differences between normal and disease fibroblasts that
were relatively moderate (generally <2-fold), which is typical for miRNA expression data. Because
of these moderate changes, we utilized a less stringent expression cutoff to minimize the possibility
of false negatives. Compared to control fibroblasts, IPF fibroblasts exhibited 3 upregulated and
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16 downregulated miRNAs, whereas there were 12 upregulated and 12 downregulated miRNAs for
SSc fibroblasts (±1.35-fold, p < 0.1, Figure 4A, Table S5). Analogous to the mRNA expression data,
the IPF and SSc miRNA signatures were very similar to one another, with ~half of the differentially
expressed miRNAs overlapping between them (Figure 4C). Interestingly, as was observed for mRNA
expression, there were also minor differences in miRNA expression between SSc and IPF fibroblasts,
with 6 miRNAs having higher and 1 miRNA having lower expression in SSc fibroblasts. To increase
our confidence in these modest differences observed, we performed a second miRNA-seq and the
technical replicate demonstrated high reproducibility of the data, and qPCR analysis further verified
differential expression of several miRNAs (Figure 4B).

Figure 4. miRNA-seq identified similar miRNA signatures for IPF and SSc lung fibroblasts.
(A) Heatmap depicting differentially expressed miRNAs across all patient group comparisons
(fold-change ≥+1.35-fold or ≤−1.35-fold, p < 0.1). (B) miRNA expression analysis using real-time qPCR
on the 30 patient fibroblast samples was conducted as described in Materials and Methods for miR-20a,
miR-155 and miR-29b in order to demonstrate similar expression changes as observed by miRNA-seq.
(C) Venn diagram depicting overlap between miRNAs that were differentially expressed in SSc and
IPF fibroblasts. (D) Genome view (hg19) of the Chr14q32 region where a cluster of 10 miRNAs were
observed to be upregulated in SSc fibroblasts. Annotated Refseq genes are shown with the location of
the indicated upregulated miRNAs marked directly below.

The resulting miRNA signature contained many dysregulated miRNAs with either established
links to fibrosis (e.g., miR-29b and the miR-17~92 cluster), or affecting pathways and processes relevant
to IPF and SSc fibroblasts (e.g., TGF-β) (Table S5). Additionally, a number of the miRNAs upregulated
in SSc fibroblasts have previously been reported to be upregulated in IPF lung tissue (several miRNAs
in the Chr14q32 miRNA cluster, Figure 4D).

3.4. Differentially Expressed microRNAs in Idiopathic Pulmonary Fibrosis and Systemic Sclerosis Fibroblasts
Regulate Expression of Fibrosis-Associated Genes

To characterize the functional relevance of these dysregulated miRNAs to fibroblast/myofibroblast
pathology, we examined whether modulating several miRNAs (miR-29b-3p, miR-138-5p, and miR-146b-5p)
in disease fibroblasts would affect expression of ECM and other profibrotic genes. These miRNAs
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were chosen either because of their extensive associations with fibrotic disease/pathways/ECM
(miR-29b-3p) or because their role in fibrosis is relatively uncharacterized, yet they were among the
most highly downregulated miRNAs in disease fibroblasts (miR-138-5p, miR-146b-5p).

Transfection of miR-29b-3p, miR-146b-5p, or miR-138-5p mimics into IPF and SSc lung fibroblasts
all had significant effects on ECM and fibrosis gene expression using a “fibrosis” nanostring panel,
with 175 genes being modulated by at least one of the miRNAs (Figure 5). As the genes in this panel
are generally pro-fibrotic, these miRNA mimics resulted mostly in their downregulation in both IPF
and SSc fibroblasts.

Figure 5. miR-29b-3p, miR-138-5p, and miR-146b-5p mimics downregulate expression of pro-fibrotic
genes. miRNA mimics for miR-29b-3p, miR-138-5p, or miR-146b-5p were transfected into primary SSc (A)
or IPF (B) lung fibroblasts as described in Materials and Methods for 48 hours prior to collecting RNA.
Gene expression was measured using Nanostring analysis of a panel of 500+ “fibrosis” genes. Shown
is a heatmap depicting expression of genes whose expression was significantly affected (≥ +1.5-fold or
≤ −1.5-fold, p ≤ 0.05) by at least one of the miRNA mimics in either the SSc or IPF fibroblasts.
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As we have gene and miRNA expression from parallel samples, we next aimed to determine if
these miRNAs could contribute to the dysregulated fibrotic signature we observed in IPF and SSc
fibroblasts. The fibrosis nanostring panel includes 46 genes that were also upregulated in the IPF and
SSc fibroblast gene signatures. Of these, 30/46 (65%) were affected by at least one of the miRNA mimics
in either SSc or IPF fibroblasts (Figure S4), and in nearly all cases the mimic resulted in downregulation.

Interestingly, each miRNA preferentially affected distinct clusters of genes (Figure 5 and Figure S4).
As expected for miR-29b-3p, a number of pro-fibrotic and ECM genes including COL1A1, a well-studied
target of miR-29, were downregulated. miR-138-5p also reversed expression of a large subset of the
disease fibroblast signature, including key pro-fibrotic players such as LOX, CTGF, and GREM1.
miR-146b-5p had a more subtle effect on downstream gene expression, however it was the only mimic
that significantly reduced ACTA2 levels in SSc fibroblasts.

3.5. Proteomic Profiling Characterized a Distinct Fibrotic Matrisome Deposited by Idiopathic Pulmonary
Fibrosis and Systemic Sclerosis Lung Fibroblasts

Aberrant secretion of matrisome and matrisome-associated proteins is both the primary means
and end outcome by which fibroblasts drive disease pathology in IPF and SSc ILD. This was reflected
in our mRNA profiling data, where ECM/matrisome components were the most prevalent within the
fibrotic gene signatures, and in our miRNA-seq data, in which several miRNAs affected matrisome
gene expression. As there are additional mechanisms beyond transcriptional regulation that affect ECM
production/deposition, we characterized directly the matrisome deposited by IPF, SSc, and normal
fibroblasts at the protein level.

Extracellular matrix deposited by the 30 patient fibroblasts (n = 10 for each group) was collected
and guanidine-soluble and insoluble fractions were subjected to mass spectrometric proteomic profiling
separately, as the insoluble fraction is thought to contain more highly cross-linked ECM that could be
more relevant in the context of fibrotic disease. In total, 277 matrisome proteins were detected in at
least one of the samples. Importantly, using the detected matrisome proteins in the soluble fraction,
hierarchical clustering of the fibroblasts resulted in a distinct clustering of IPF and SSc fibroblasts
away from controls, strongly suggesting that disease fibroblasts secrete a distinct fibrotic matrisome
(Figure S5A). While similar separation was not observed for the insoluble fraction (Figure S5B),
the protein recovery for the insoluble fraction was highly variable between different samples, which
may have confounded our analysis.

Across all fibroblast group comparisons, the majority of differences were observed between
disease vs. normal fibroblasts, with SSc vs. Normal yielding 26 and 18 differentially expressed proteins
(DEPs) for the soluble and insoluble fractions respectively and IPF vs. Normal yielding 28 and 6 DEPs
for the soluble and insoluble fractions respectively (Figure S5C). Analogous to what we observed
at the transcriptional level, the IPF and SSc matrisomes tended to be more similar than different as
demonstrated by the observed DEP overlap (Figure S5D) and by the observation that IPF and SSc
fibroblasts generally clustered together (Figure S5A and Figure 6). Interestingly we did identify minor
differences between SSc and IPF matrisome protein expression, with 8 and 2 DEPs being observed
for the soluble and insoluble fractions respectively. Hierarchical clustering using DEPs across all
cohort comparisons resulted in a cluster of ~half of the disease fibroblasts when using either the
soluble (Figure 6A) or insoluble (Figure 6B) fraction data, demonstrating that disease fibroblasts secrete
a distinct matrisome compared to normal fibroblasts.
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Figure 6. Hierarchical clustering using differentially expressed matrisome proteins is able to delineate
normal-like and disease-like fibroblast groups. Shown are heatmaps of z-scored normalized mass
spectrometry protein intensity values of matrisome proteins that were differentially expressed across
all patient comparisons (fold-change ≥+1.2-fold or ≤−1.2-fold, p ≤ 0.05) and then clustered. Shown is
the data from the soluble fraction (A) and from the insoluble fraction (B).
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4. Discussion

Fibroblasts/myofibroblasts are key effector cells that directly contribute to the pro-fibrotic milieu,
aberrant ECM deposition, increased tissue stiffening, disruption of tissue architecture, and ultimately
impaired organ function in pulmonary fibrosis [2]. Understanding the transcriptomic and proteomic
profiles of these disease fibroblasts provides insights into their dysregulated fibrotic program at
multiple levels and sheds light on potential therapeutic strategies. To our knowledge, the current
study is the first attempt at integrating data from mRNA, miRNA, and secreted matrisome of IPF and
SSc derived lung fibroblasts and our results revealed a number of novel mechanistic insights into the
fibrotic programming of these effector cells underlying pulmonary fibrosis and its complex regulation.

Consistent with previous microarray-based studies, our RNA-seq clearly identified similar
“fibrotic gene signatures” for IPF and SSc fibroblasts that reflect a signature of activated myofibroblasts,
as illustrated by the correlation for genes upregulated in activated hepatic stellate cells (HSCs) with
both the IPF and SSc DEGs (Figure S3). Further computational analysis revealed that these signatures
are associated with known fibrotic pathways (WNT, TGF-β, HIF1A, NOTCH1, and PPARG) and
effector functions (ECM) of activated fibroblasts/myofibroblasts.

Although the fibrotic transcriptomes from our and previous transcriptomic analyses of fibrotic
lung fibroblasts are indicative of pathological myofibroblast activation, our current study also yielded
interesting novel findings. First, the exact gene makeup of the reported signatures varied considerably
among studies [3–7], which could result from study-specific differences related to patient profiles,
source of tissue, culture methods, and profiling methods. However, disease stage is likely a significant
driver as we observed stark differences compared to the study reported by Lindahl et al. [6], which
used fibroblasts from earlier stage patients, as opposed to end-stage patients in our study. While their
study identified a broader set of pathway signatures that were both inflammatory and fibrotic in
nature, ECM changes were the most predominant feature in our disease signatures. This suggests
that inflammatory changes, such as downregulation of the interferon signature, may be important for
progression during early but not at later stages of disease when ECM changes predominate. Second,
while previous studies have observed only minimal expression differences between IPF and SSc
fibroblasts, our study successfully identified 68 genes that were differentially expressed between them,
including inflammation genes (TNFRSF21, CXCL5, IL8) and genes associated with the GO function
“oxidoreductase activity” (Figure S2). Interestingly, these differences appear to be driven by a subset
of SSc patients (SSc-53, SSc-40, SSc-30). While the precise reason for this is not understood, it could
be reflective of concomitant pathological changes frequently associated with SSc, such as pulmonary
hypertension and inflammation.

The general similarity between IPF and SSc transcriptomes with subtle differences was also
mirrored in the miRNA and matrisome data. Interestingly, for the three SSc patients noted above, we
also observed that their miRNA expression tended to differ from the other SSc patients (Figure 4),
raising the intriguing possibility that SSc-associated expression changes, such as those that might
reflect pathological changes other than fibrosis (e.g., hypertension), could be governed in part at the
miRNA level. At the protein level, the secreted matrisome also exhibited a few differences between
IPF and SSc. However, unlike the mRNA and miRNA expression data, those three SSc patients did
not appear to exhibit distinct matrix protein profiles compared to the other SSc fibroblasts, possibly
because the matrisome signature is more reflective of fibrosis and less likely to be indicative of other
SSc-associated pathologies.

As the most salient effector mechanism underlying pulmonary fibrosis, ECM deposition and
remodeling by IPF and SSc fibroblasts remain poorly understood. Although the ECM/matrisome
transcriptomic signature was the most predominant signal altered in both IPF and SSc fibroblasts,
matrix genes were not universally upregulated and in fact many were downregulated (Figure 2A).
Thus our data indicate that the fibrotic matrisome does not just result from increased expression
of ECM genes but it involves complex dysregulated expression patterns, including both increased
and decreased mRNA expression of different collagen types (COL1A1 upregulation vs. COL14A1
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downregulation), downregulation of ECM-degradation enzymes (MMP1 and ADAMTS15),
and upregulation of ECM crosslinking/assembly enzymes (LOX, LEPREL1 and PLOD2). Importantly,
we confirmed aberrant dysregulation of ECM at the protein level as well by conducting the first
proteomic analysis of IPF and SSc fibroblast-deposited matrix. We successfully identified an ECM
protein signature shared between IPF and SSc that differentiates disease from healthy fibroblasts, which
included several proteins implicated in fibrogenesis such as PLOD2, LUM, POSTN, IGFBP5, GREM1,
and SPARC, as well as less characterized ECM proteins such as MXRA5, LEPRE1, MFAP4, and FSTL1.
Upon comparing our RNA-seq and mass spectrometry results, we observed similar dysregulation
at the protein and mRNA levels for such matrisome components as WNT5A, GREM1, DCN,
IGFBP5, COL8A1, PLOD2, SFRP1 and TNC. Surprisingly, these were the only shared dysregulated
genes/proteins between the RNA-seq and mass spectrometry data suggesting that differences between
protein and mRNA levels of matrisome components are likely due to the presence of a myriad of
post-transcriptional regulatory mechanisms at the levels of protein translation, secretion, intracellular
and extracellular assembly, as well as enzymatic crosslinking and degradation. However we cannot
rule out that the observed differences between the RNA-seq and mass spectrometry results are due
to differences in the length of time the fibroblasts were cultured for each experiment, (short-term for
RNA-seq, long-term to accumulate sufficient deposited matrix for mass-spectrometry experiments) or
that exposure of these cells to tissue culture plastic influenced their protein expression profile.

miRNAs can affect both mRNA levels and protein translation, and a handful of miRNAs have been
identified as key players in lung fibrosis. Our current study is the first comprehensive characterization
of the global miRNA profiles in fibrotic lung fibroblasts, which included the identification of miRNAs
capable of regulating ECM gene expression. Our miRNA-seq analysis identified a number of
aberrantly expressed miRNAs in IPF and SSc fibroblasts and several lines of evidence support
the relevance of these miRNAs in their fibrotic programming. In particular, the miRNA signature
includes many miRNAs previously linked to fibrosis through in vitro and in vivo studies (Table S5).
Of particular interest, miR-29b-3p has reduced expression in multiple fibrosis models and human
fibrotic disease and can inhibit fibrosis in several mouse models [19–32]. miR-138-5p and miR-146b-5p,
which demonstrated some of the highest levels of downregulation in the disease fibroblasts, have
been implicated in processes relevant to fibrosis. For example, miR-138-5p has been suggested
to play a role in hypertrophic scar fibroblasts during abnormal wound healing [33], osteogenic
differentiation and bone formation [34,35], and epithelial-mesenchymal transition [36]. In addition
to miR-146b-5p’s effect on TGF-β-signaling [37], its closely-related family member miR-146a inhibits
TGF-β-mediated activation of dermal fibroblasts and HSCs, as well as renal fibrosis in the unilateral
ureteral obstruction model [38–40]. Importantly, we also demonstrated experimentally that several
“fibrotic miRNAs” identified in our study (miR-29b-3p, miR-138-5P and miR-146b-5p) regulate the
expression of fibrotic/ECM genes. Their identification as important miRNAs modulating distinct
aspects of the fibrotic transcriptomes in IPF and SSc lung fibroblasts is highly significant in our view,
as this further supports a role for miR-29 as a master ECM regulator, and reveals novel roles for
miR-138-5p and miR-146b-5p in pulmonary fibrosis. Since we only measured their effects on transcript
levels, our data understates the potential contribution these miRNAs have in the pathology of disease
fibroblasts as they could have additional effects on the deposited fibrotic matrisome signature via
translation inhibition. It is important to note that these dysregulated miRNAs could be affecting
fibrotic/ECM genes either directly or indirectly through other transcriptional regulators.

Equally intriguing is our finding that 10 miRNAs in the Chr14q32 locus appear to be a fibrotic
“miRNA module” in SSc fibroblasts, similar to the previously described Chr14q32 region in IPF lung
tissue [41]. Additional miRNA clusters, whereby miRNAs/genes exhibited similar differential gene
expression and genomic localization, were identified for miR-17-5p and miR-20a-5p, miR-125b-2-3p
and miR-99a-5p, and for miR-335-5p and MEST. This implies that miRNA modules are dysregulated
in IPF and SSc fibroblasts and indeed we see significant expression level correlations for the genes
within these clusters (data not shown).
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Altogether, through an integrative approach, we successfully characterized distinct mRNA,
miRNA, and deposited matrix protein signatures for IPF and SSc fibroblasts, and in doing so identified
novel-regulation of fibrotic gene expression by aberrantly expressed miRNAs.
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Abstract: Background: CD34+ Endothelial Progenitor Cells (EPCs) play an important role
in the recovery of injured endothelium and contribute to atherosclerosis (ATH) pathogenesis.
Previously we described a potential atherogenic role for miR-125 that we aimed to confirm in
this work. Methods: Microarray hybridization, TaqMan Low Density Array (TLDA) cards, qPCR,
and immunohistochemistry (IHC) were used to analyze expression of the miRNAs, proteins and
transcripts here studied. Results: Here we have demonstrated an increase of resident CD34-positive
cells in the aortic tissue of human and mice during ATH progression, as well as the presence of
clusters of CD34-positive cells in the intima and adventitia of human ATH aortas. We introduce
miR-351, which share the seed sequence with miR-125, as a potential effector of CD34. We show a
splicing event at an internal/cryptic splice site at exon 8 of the murine Cd34 gene (exonic-switch)
that would regulate the differential accession of miRNAs (including miR-125) to the coding region
or to the 3’UTR of Cd34. Conclusions: We introduce new potential mediators of ATH progression
(CD34 cell-clusters, miR-351), and propose a new mechanism of miRNA action, linked to a cryptic
splicing site in the target-host gene, that would regulate the differential accession of miRNAs to their
cognate binding sites.

Keywords: atherosclerosis; miR-125b; CD34 cell-clusters; CD34 cryptic splicing; ORF miRNA target;
exon switch

1. Background

Atherosclerosis (ATH) is a chronic inflammatory disease initiated at the vascular endothelium
which shows a complex pathogenesis [1]. Endothelium damage displays a focal distribution,
particularly at sites of disturbed blood flow, suggesting the contribution of vascular repair mechanisms
in ATH progression. Recent studies suggest that endothelial progenitor cells (EPCs) do have an
important role in the recovery and repair of the injured endothelium [2], since mobilized EPCs are
able to migrate to damaged sites where they would differentiate into mature endothelial cells (ECs) in
situ [3]. EPCs come from three major sources; i.e., peripheral blood and bone marrow, the vascular
wall, and resident monocytes and macrophages [4,5]. In patients with ATH it has been observed a
decrease in the number of circulant EPCs [6], although it is not well know if this is the result from a
decreased production or from an increased EPC cell death [7].

Bone marrow-derived EPCs express the progenitor receptor CD34 and are released into the
peripheral blood for vascular repair/angiogenesis, since these have reparative potential of endothelial
dysfunction [8]. CD34, a membrane glycoprotein, is a critical component of the group of surface
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receptors that regulate migration and engraftment of progenitor cells to target tissues [9]. CD34
is expressed as two variant forms after alternative splicing of the so-called “exon-X” at the CD34
gene [10]. These two forms differ in their cytoplasmic domain, which is almost totally lacking in the
variant-1, a fact that abrogates phosphorylation by protein kinase C (PKC) at two sites in the Cterminal
cytoplasmic domain [11]. Interestingly, bioinformatic analyses have detected a cluster of miRNA
binding sites at the putative 3’UTR of the human and murine CD34 (Hueso, M., this work) that could
be involved in the regulation of the expression balance among both isoforms.

MicroRNAs (miRNAs) are very small RNAs (over 22 nucleotides long) with critical roles in
the regulation of gene expression and whose changes in expression have been related to the onset
and progression of different diseases (see [12] for a recent review). As of March 2018, the human
miRNAome included 1917 mature miRNAs [13]). Aberrant miRNA expression profiles have been
described during the progression of ATH, cardiovascular disease (CVD) [14] or renal fibrosis [15].
Thus, plaque progression and rupture were linked to the expression of miR-23a-5p, miR-210 and
miR-222 [16,17] while, on the contrary, miR-19b and miR-33a/miR-33b had protective roles on plaque
stability [18,19]. Furthermore, plasma miR-144 and miR-33 levels were seen to be increased in coronary
artery disease (CAD) patients [20,21], miR-155 was seen to inhibit transformation of macrophages
into foam cells by targeting CEH expression [22], and miR-181b was found to be overexpressed in
human atherosclerotic plaques and abdominal aortic aneurysms, where it downregulated expression
of the tissue inhibitor of MMP-3, and elastin [23]. Lastly, miR-296 has been described as a positive
regulator of ATH onset and progression by promoting neovascularization and favoring M1 macrophage
polarization [24].

We have previously described the relationship of mir-125b expression with ATH progression.
Aortic tissue from ApoE-deficient mice fed with a western diet showed a significant overexpression
of miR-125b, but not of the highly related miR-125a. This overexpression was reversed by treating
mice with a siRNA against the immune mediator CD40 [25]. MiR-125b belongs to a conserved
family (composed by the highly related miR-125a, miR-125b-1 and miR-125b-2) with key roles in
cellular differentiation, proliferation and apoptosis [26]. Furthermore, there is experimental evidence
of the involvement of the miR-125 family with pathogenesis of ATH. In this sense, it has been
described that up-regulation of miR-125a contributed to the differentiation of monocytes towards the
inflammatory phenotype [27] through the repression of the TNFAIP3 a negative regulator of NF-kB
signaling [28], and that miR-125a was upregulated in oxLDL activated macrophages [29]. Lastly,
members of the miR-125 family have been shown to target transcripts whose product could be also
involved in mechanisms promoting ATH onset and progression, as STAT3 [30], FOXP3 [31], VEGF [32],
MARK1 [33], and BCL2, BCL2L12 and MCL1 [34] among others.

We are interested in the mechanisms of ATH progression, and more specifically in those which
involve genes that are implicated in the function of stem or progenitor cells, such as CD34 or
Lin28a/b. CD34 was previously detected as a target of miR-125 in miRNA by bioinformatic analysis
(M. Hueso et al., unpublished results) and here we have deepened the molecular relationship among
miR-125 and CD34 in the context of ATH progression. The most significant finding of this work is
the description of a new molecular mechanism of miRNA action by which an splicing event at a
internal/cryptic splice site of the murine Cd34 gene would regulate the differential accession of a
number of micro-RNAs (including miR-125) to the coding region or to the 3’UTR of the two isoforms
of the Cd34 transcript [10], likely disturbing the expression balance of both CD34 protein isoforms.

2. Methods

2.1. Ethics Statement

Here, we have used authorized autopsy material from the Pathology Department at the Hospital
Universitari de Bellvitge (HUB), L’Hospitalet, Barcelona, Spain. Confidential information from patients
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was protected following national normatives. This study was performed conforming the declaration
of Helsinki, and with the approval by the Clinical Research Ethics Committee of HUB (PR163/13).

2.2. Patients and Samples

The characteristics of patients and samples studied in this work have been reported
previously [25,35]. Briefly, abdominal aortas were obtained from deceased patients from the HUB,
and included atherosclerotic plaques, incipient atherosclerotic plaques, and normal abdominal aortas
without injury.

2.3. Mice

In this work we used tissue samples from 25 female ApoE−/− mice (HomocigousApoetm1Unc in
the C57BL/6 background, Jackson Laboratory, Charles River, Wilmington, MA, USA) that were stored
in a previous study [25]. Briefly, 5 mice were considered as controls and sacrificed at 8 weeks (8W).
Other 20 mice were i.p. injected with 50 μg of siRNA against CD40 (siCD40), or of a scrambled siRNA
(SC) as control, twice weekly. Mice were euthanized by isoflurane anesthesia after 14 or 24 weeks of
treatment (SC/14w, n = 5; siCD40/14W, n = 5; SC/24W, n = 5; siCD40/24w, n = 5). Mice were fed with
a western diet enriched in cholesterol (0.2% w/w), which provided 42% of calories as fat (TD.88137;
Harlan-Tekland, Madison, WI, USA). We isolated the ascendant aortas from 10 ApoE−/− mice treated
with the anti-siCD40 siRNA and from 10 ApoE−/− controls, 5 mice treated with the scrambled siRNA
(SC) and 5 mice treated with the vehicle (veh) for 24 weeks. This study followed the EU guidelines
on animal care and the protocols were approved by the Ethics Committee for Animal Research of the
University of Barcelona-HUB. The effect of the anti-CD40 treatment had been previously confirmed by
checking the downregulation in the expression of CD40 mRNA and the lowering in the counting of
CD40-positive cells (see [25] and references therein).

2.4. Reactives

Biotinylated secondary antibodies and vectastain were from Vector (Burlingame, CA, USA).
Expression of the isoforms of CD34 (Mn01310773 and Mn00519283) was measured with Taqman
Gene Expression Assays (Life technologies, Thermo Fisher Scientific Inc., Waltham, MA, USA).
For the anti-CD34 staining, we used an anti-CD34 antibody (RabMab EP373Y; ab81289) from Abcam
(Cambridge, UK) following standard procedures (see [25] for details).

2.5. Histological and Immunohistochemical CD34 Analysis

Preparation of aortic tissue for protein/RNA expression analysis has been described in detail
elsewhere [25,35]. Briefly, aortic sections (aortic arch, descending thoracic aorta, abdominal aorta
above renal arteries and abdominal aorta below renal arteries) were split for RNA extraction or for
IHC after fixing with 4% PFA. ATH lesions were assessed in sequential, 5 μm thick, sections of the
aortic roots. stained with hematoxylin/eosin (H/E) or with a specific antibody by standard procedures.
A semiquantitative evaluation of the immunostaining scored the total number of antigen-positive cells
with regard of the number of total cells (nuclear H/E staining). Lastly, the ProgResCapturePro 2.7.7
software (Jenoptik, Jena, Germany) was used for morphometric image analysis.

2.6. qPCR and miRNA Expression Data

Primary murine miRNA expression data was extracted from the original Taqman Low
Density Array card (TLDA) experiment on murine aortas, already described [25], by using the
ExpressionSuite Software version 1.1 (Applied Biosystems-Thermo Fisher Scientific, Waltham, MA,
USA). RNA extraction from aortas and cDNA conversion have been described previously [25].
Expression of human CD34 was measured by using Taqman probes in the conditions stated by the
manufacturer. The ΔCt/ΔΔCt method was used to compare results with the basal conditions samples
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(8w mice). For mRNA expression normalization, the housekeeping GAPDH was used, while miRNA
expression was normalized by comparison with RNU48 (human) or U6-snRNA (mouse) also from the
TLDA data.

2.7. Data Mining and Bioinformatic Analysis

The genomic structures of the miR-125a/miR-125b-1 and miR-125b-2 clusters were obtained from
the Ensembl genome browser, release 94 [36]. MiRNA sequences were retrieved from the Mirbase [13].
The genomic structure of the murine Cd34 gene was obtained by “Blasting” the complete murine
genome (Annotation release 106) with the cDNA sequences for the two Cd34 isoforms at the NCBI
server. Prediction of Cd34 miRNA binding sites was made at the “Targetscan” for mouse, release
7.2 [37].

2.8. Statistics

All data are expressed as mean ±SD. The Kruskal-Wallis test (SPSS 20.0 software, SPSS Inc.
Chicago, IL, USA) was used to compare miRNA-expression among basal (8W), control SC-siRNA and
anti-CD40 siRNA-treated mice. The Mann-Whitney test was used to compare CD34 expression among
siRNA control/treated mice A or in aortas from patients with or without CKD. A value of p < 0.05 was
considered as statistically significant.

3. Results

We are interested in the mechanisms of ATH progression, and more specifically on those
that depend on the function of different lineages of stem cells, such as hemopoietic progenitors,
or endothelial progenitor cells, characterized by the expression of the CD34 marker. In this context we
have recently described an animal model of ATH progression and reversion in which ApoE-deficient
mice were fed with a fat-enriched chow to facilitate ATH development and treated for 14 or 24
weeks with an anti-CD40 siRNA to reverse disease progression, or with an irrelevant, scrambled
sequence siRNA as control [25]. This disease model was characterized by the upregulation of miR-125b,
a member of the miR-125 family, with ATH progression, which was reversed by the treatment with the
anti-CD40 specific siRNA [25]. Interestingly, another highly related member of the family, miR-125a,
which has been proposed by bioinformatic analysis to target CD34 did not show up in our previous
analysis [25]. Here we address the relationship among the members of the miR-125 family and CD34,
and describe a new regulatory mechanism by which a cryptic splice event at the CD34 gene could
regulate the accessibility of miR-125a (and other miRNAs) to the 3’UTR or to the coding region of the
CD34 transcript.

3.1. MiR-125: A Complex miRNA Family

miR-125b is encoded by two different genes in human and mice (miR-125b-1 and miR-125b-2),
co-clustered with genes encoding members of the miR-99 (miR-99a and miR-99b, miR-100) and let-7
(let-7a-2, let-7c-1 and let-7e) families (see Figure 1A). Furthermore, miR-125b is also highly homologous
to miR-125a with which it shares the seed sequence (Figure 1B). Bioinformatic analysis predicted
specific promoters for human miR-125b-1/2, but expression of miR-125a seemed to be co-regulated
with that of the members of its cluster, miR-99b and let-7e [38]. Given the high homology among
miR-125a and miR-125b, and the fact that both shared the same seed sequence but had apparently
different roles during ATH progression, we re-evaluated the original data from the TLDA experiment
to study changes in miR-125a expression during ATH progression. Figure 1C shows the individual,
absolute Ct values obtained for each one of the miR-125a, miR-125b and the housekeeping gene
U6-snRNA in the different experimental conditions tested. Furthermore, Table 1 shows the same data
expressed as the ΔCt values after normalization to U6 (miR-125-U6). Both clearly show that expression
of miR-125a and miR-125b was very similar in the basal, initial condition at 8 weeks (9.43 ± 0.5 cycles
vs. 10.47 ± 0.6 cycles; for miR-125a and miR-125b, respectively; n = 2), diverged after 24W of ATH
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progression (6.7 ± 0.6 vs. 3.97 ± 0.6 cycles, respectively; n = 3) and returned to almost basal levels after
treatment with the anti-CD40 siRNA (7.16 ± 1.6 vs. 6.26 ± −2.0 cycles, respectively; n = 3). Given the
small differences in the expression of miR-125a and miR-125b, we considered that miR-125a could also
have a role, though perhaps less relevant that miR-125b, in ATH progression.

 

 

Figure 1. Structure and expression of the murine miR-125a/miR-125b-1/miR-125b-2 gene clusters
in ATH progression. (A) Graphic diagram of the three miRNA gene clusters. miRNA gene
locations (relative positions) were taken from the Ensembl genome browser [36]. Ensemble code
for miR-125a was ENSMUSG00000065479, for miR-125b-1 was ENSMUSG00000093354, and for
miR-125b-2 was ENSMUSG00000065472. Only miRNA genes and no other coding/non-coding
genes are shown. Graphics (genomic regions and gene boxes) are not drawn to scale, and scales
are different for each cluster (see numbering for absolute positions in the chromosome). Numbers
to the right show the amount of genomic sequence covered by each graph. (B) Homology among
miR-125a/miR-125b-1/miR-125b-2. Shown are the sequences of the mature miRNAs. (!) stands for
a homologous nucleotide, while (.) stands for a deleted nucleotide. Underlined, the seed sequence.
(C) Absolute expression (without normalization) of murine miR-125a, miR-125b and U6-snRNA
(as normalizator) in control, basal samples (8W) in mice treated with the control SC-siRNA (24W,
ATH progression) and in mice treated with the specific anti-CD40 siRNA (siRNA treatment, 24W).
Shown are the Cts for each individual sample. Expression data was extracted from the original Taqman
Low Density Array card (TLDA) experiment [25].

112



Genes 2019, 10, 70

Table 1. Expression of the individual members of the murine miR-125a/miR-125b-1/miR-125b-2 gene
clusters in ATH progression and after treatment with the specific anti-CD40 siRNA. The different
miRNAs were tested by Taqman Low Density Array card (TLDAs) in the different experimental
conditions stated [25], and individual expression values were normalized to U6 expression (ΔCt
Gene-U6 snRNA) and expressed as mean ±SD of the different samples. C8W, control mice at 8
weeks. SC24W, mice treated with the scrambled control siRNA for 24 weeks (control group for ATH
progression, see Materials and Methods). T24W, mice treated with the anti-CD40 siRNA for 24 weeks
(treatment group). (*) Only one sample could be analyzed.

miRNAExpression
Cluster 99b/let7e/125a Cluster 100/let7a-2/125b-1 Cluster 99a/let7c-1/125b-2

99b let7e 125a 100 let7a-2 125b-1 99a let7c-1 125b-2

C8W
(n = 2)

10.95 ± 0.2 8.22 ± 0.2 9.43 ± 0.5 10.64 ± 0.5 13.47 * 10.47 ± 0.6 10.6 ± 0.5 10.8 ± 0.6 10.47 ± 0.6

SC24W
(n = 3)

4.51 ± 1.3 3.35 ± 1.8 6.7 ± 0.6 5.57 ± 0.8 7.20 ± 1.8 3.97 ± 0.6 6.32 ± 0.3 3.03 ± 2.2 3.97 ± 0.6

T24W
(n = 3)

6.27 ± 2.8 4.99 ± 2.8 7.16 ± 1.6 6.15 ± 1.8 7.5 ± 2.8 6.26 ± 2.0 6.98 ± 2.1 5.74 ± 4.1 6.26 ± 2.0

3.2. CD34-Positive CellsAre Clustered in Human Aortic Lesions

We had previous evidences of the involvement of CD34 cells in the process of ATH progression (M.
Hueso, unpublished results), so that we performed a more complete study of CD34-positive cells during
ATH progression. We first analyzed human abdominal aortas from deceased patients by IHQ to detect
CD34-positive cells. Figure 2 shows representative views of the human neointimae (Figure 2A,B) and
adventitiae (Figure 2D) from aortic sections with ATH plaques, as well as a representative section from
a region with no plaques (Figure 2C), all of them stained with the anti-CD34 antibody. It can be clearly
seen the presence of clusters of CD34-positive cells in the lesions (Figure 2A,B,D), which at a larger
magnification showed a fibroblastoid morphology (arrows at Figure 2B). Interestingly, the non-lesion
tissue showed a different distribution of the CD34-positive cells which were non detected in the
intima, but scattered in muscle layer (Figure 2C for a representative field). We could not analyze the
perivascular adipose tissue (PVAT) because it was lost during preparation of the human samples.

Figure 2. Cont.
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Figure 2. Detection of CD34-positive cells in human aortic tissue. Whole human arteries were
isolated, sliced, prepared for IHQ analysis and stained for CD34 as described in Material and Methods.
(A,B) Shown are representative images of two different neointimas, stained for anti-CD34, at different
magnifications (20× in 3A, 40× in 3B). The circle in (A) shows a cluster of CD34-positive cells,
and arrows in (B) show±± individual fibroblastoid cells positive for CD34 staining. Tissues were
counterstained with hematoxilin-eosin. Bars are 100 μm. (C) Representative image of a human
aortic tissue from a normal section (non-lesion) showing the intima and the muscular layer (vertical
arrows) and stained for anti-CD34. Tissue was counterstained with hematoxilin-eosin. Bar is 100 μm.
(D) Representative image of a human adventitia stained for anti-CD34. The circle in (D) shows a cluster
of CD34-positive cells. Tissue was counterstained with hematoxilin-eosin. Bar is 100 μm. (E) Expression
of CD34 mRNA measured by qPCR in human ATH plaques compared with normal abdominal aortas.
(F) Expression of CD34 mRNA in aortic tissue with normal vascular walls from CKD patients when
compared with non-CKD patients.

We next dissected human ATH samples into plaque and normal tissue, which were tested by qPCR
for mRNA levels of CD34. Figure 2E show that CD34 mRNA levels in the plaque were significantly
higher than in normal aortic tissue (ΔCt = 3.5 ± 1.03 cycles in plaque vs. 4.7 ± 0.76 cycles in normal
tissue; p = 0.05). Since ATH is a frequent complication of Chronic Kidney Disease, we also tested CD34
mRNA expression in human normal aortas of CDK and non-CKD patients, but only a trend to a lower
expression of CD34 in CKD samples was found (ΔCt = 4.47 ± 0.71 cycles in non-CKD vs. 5.26 ± 0.75
cycles in CKD; p = 0.53, see Figure 2F).

We took advantage of the mouse model of ApoE-deficient mice treated with an anti-CD40 siRNA
to study the presence of CD34-positive cells in aortic tissues of animals subjected to different treatments.
As in humans, we also found clusters of CD34-positive cells in the intima and adventitia of the murine
samples (M. Hueso, unpublished result). Furthermore, we had the opportunity of studying the PVAT
in these murine samples. As seen in Figure 3A,B individual CD34 cells were found in the perivascular
aortic fat (PVAT) of mice treated with the control, scrambled siRNA (Figure 3A) or with the anti-CD40
siRNA (Figure 3B). When different fields were analyzed and counted, it arose that the number of
CD34-positive cells was lower in the PVAT of mice treated with the CD40-siRNA when compared with
SC-siRNA treated animals (from 14 ± 9% CD34+ cells per field in SC-animals vs. 12 ± 9% CD34+ cells
per field in siCD40-treated animals, see Figure 3C), as well as in the adventitia (18 ± 6% CD34+ cells
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per field vs. 9 ± 3% respectively; p < 0.008, see Figure 3C) or in the intima (11 ± 1% CD34+ cells per
field vs. 3 ± 6% respectively; p < 0.002, see Figure 3C) suggesting that ATH lesions were associated
with an increase in the number of tissue resident CD34 cells.

Figure 3. Detection of CD34-positive cells in the murine aortic perivascular tissue. Aortas from
ApoE-deficient mice treated with a scrambled (SC) siRNA for 24 weeks as control, or with an anti-CD40
specific siRNA also for 24 weeks, were isolated, sliced, prepared for IHQ analysis and stained for CD34
as described in Material and Methods. (A,B) Show representative fields with individual CD34-positive
cells (arrows) in the SC-siRNA control (A) or in the anti-CD40 specific siRNA (B). Tissues were
counterstained with hematoxilin-eosin. Bars are 100 μm. (C) Quantification of CD34-positive cells in
the PVAT, intima and adventitia of aortas of ApoE-deficient mice submitted to the stated treatments.
A total of 10 fields were examined by two different researchers and the result expressed as % of
CD34-positive cells with regard of the total number of eosin-positive nuclei in the field.

3.3. An Exonic Switch Regulates Differential Accession of miR-125, and Other miRNAs, to the CDS or to the
3’UTR of the Cd34 Transcript

We examined the relationship of Cd34 with miRNAs, among them the miR-125a, during ATH
progression. The murine Cd34 gene is composed by 8 exons and is submitted to a complex splicing
regulation. Exon 8 includes an internal/cryptic splice site (I/CSS, Figure 4A) and two in-frame
stop-codons (TGA1 and TGA2). Activation of the usual-I/CSS splice sites lead to the expression of two
different Cd34 mRNAs. The transcript variant 1, TV1, links exon 7 to the entire exon 8 and incorporates
a premature stop-codon (TGA1 at Figure 4B), which originates a short, truncated form of CD34 lacking
almost the entire intracellular domain (Figure 4C). The second Cd34 transcript, TV2, links exon 7 to
the I/CSS (Figure 4A) and incorporates a partial exon 8 which lacks the premature stop-codon and
terminates at the TGA2 (Figure 4B) to originate a “full-length” CD34 protein (Figure 4C). In this way,
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the long transcript (including the entire exon 8) originates a short protein by activating a premature
STOP codon, while the short transcript (incorporating a partial exon 8) originates the long CD34
protein (Figure 4B).

Figure 4. Structure and expression of the murine Cd34 genetic loci and its interaction with miR-125
and other miRNAs. (A) Diagram of the murine Cd34 gene. Exons are represented by colored boxes,
intergenic regions by solid lines and splicing events by doted lines. Shown are exons 6,7 and 8 only.
Former exon X is here shown as part “a” of exon 8 (see text). Shown are also the two stop codons
(TGA1, TGA2) at exon 8, as well as the internal/cryptic splice site (I/CSS) at the virtual juncture of exon
8a/b. Numbering refers to the position in the NCBI Reference Sequence: NC_000067.6. Drawn to scale
(1cm = 100bp). (B) Diagram showing the two Cd34 transcripts originated by the internal/cryptic splice
event at exon 8. Coding regions are expressed as colored boxes while the 3’UTRs are shown as white
bars. Also shown are the two stop codons (the active one in capital letters), the internal/cryptic splice
site and the miRNA binding sites predicted by the Targetscanmouse at the 3’UTR of Cd34 transcript
variant 1. Binding sites at the equivalent positions at the coding region of transcript variant 2 are shown
under the question mark. Numbering refers to the Genbank accession numbers of the transcripts.
Drawn to scale (1cm = 100bp). Ensembl code for Cd34-TV1: ENSMUST00000110815. Ensembl code for
Cd34-TV2: ENSMUST00000016638. (C) Diagram showing the two different proteins encoded by CD34
transcripts variant 1 and 2 (TV1, TV2). Shown are the glycosylated Nterminal extracellular domain (Nt),
the transmembrane domain (TM) and the different Cterminal domains (Ct) of both protein isoforms.
Protein kinase C phosphorylation sites are labelled in TV2. Numbering refers to the Genbank accession
numbers of the transcripts (see B). Drawn to scale (1cm = 100Aa). PM stands for plasma membrane.
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Bioinformatic analysis with mouse “Targetscan” of the Cd34 transcript allowed the detection of
binding sites for miR-193, miR-129, miR-125, and miR-351clustered into 70 bp of sequence immediately
downstream of the I/CSS. Interestingly, these binding sites would be located at the 3’UTR of Cd34-TV1
but at the coding region of Cd34-TV2 (Figures 4B and 5A), depending on the splice event that took
place, so that a differential splicing would direct the binding of miR-125 (and the other miRNAs) to
alternative locations in the Cd34 transcript, the 3’UTR of Cd34-TV1 or the coding region of Cd34-TV2
(Figure 5A). Interestingly, two of the miRNAs that targeted the exon 8b of Cd34, miR-125 and miR-351
had an almost identical seed region (Figure 5A). Furthermore, another binding site for miR-128-3p was
present at the far 3’UTR of both Cd34 isoforms, but its location was not affected by the splicing event
(see Figure 4B).

 

 

Figure 5. Detailed structure of the Cd34 region harboring the predicted miRNA binding sites.
(A) Diagram of 1 kb of sequence at the 3’end of Cd34. Shown is the position of the two stop codons
(TGA1 and TGA2), the internal/cryptic splice site (I/CSS) and the position of the miRNA binding sites.
Expanded is the sequence of the 70 bp, which concentrate the miRNA binding sites. Boxed, the seed
sequences of the miRNAs and the comparison among those of miR-125 and miR-351. (B) Expression
of the miRNAs targeting Cd34 at different experimental conditions. Data shown after normalization
to U6-snRNA. Expression data extracted from the original Taqman Low Density Array card (TLDA)
experiment [25]. (*) Only one sample could be analyzed.
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Analysis of the expression of the Cd34-targeting miRNAs (Figure 5B) showed that miR-193,
miR-129, miR-125 and miR-128 shared the same expression pattern characterized by an overexpression
in SC24W (i.e., disease progression) that was reversed by the anti-CD40 treatment. On the other hand,
miR-351 was the only one whose expression decreased in SC24W, with its values not recovering after
si-CD40 treatment.

Lastly, we measured expression Cd34 expression by qPCR in the SC24W and siCD40-24W samples
from our disease model, but unfortunately we did not have (basal) control due to sample exhaustion.
We could test expression of Cd34−TV1 but not of TV2 since there was not a specific commercial Taqman
probe for this isoform, so instead we used a probe that amplified both isoforms. The results confirmed
our previous results for CD34 mRNA and protein (as number of cells expressing CD34): in the sense
that Cd34-TV1 and Cd34−(TV1 + TV2) were more expressed in disease progression SC24W (TV1: 6.24
± 0.62 cycles; (TV1 + TV2): 4.73 ± 0.75 cycles) than in the treatment group siCD4/24W (TV1: 7.88
± 0.37 cycles; (TV1 + TV2): 6.42 ± 0.50 cycles). Furthermore, the difference among Cd34−TV1 and
Cd34−(TV1 + TV2) indicated that both, TV1 and TV2 were expressed.

4. Discussion

ATH progression has an hematopoietic component that includes expansion of the hematopoietic
stem-cell compartment [39], and we are interested in the role of the stem-cell genes Cd34 and
Lin28a/b in the development of atherosclerotic lesions. Originally characterized as an hemopoietic
progenitor cell marker [40], CD34 was subsequently detected in vascular endothelial cells [41] and
neovascularized tissues [42]. CD34 has been shown to be important in the development of ATH lesions,
mainly in neo/re-vascularization events, with CD34-positive cells being detected more frequently
in inflammatory-erosive plaques, when compared with plaques of the lipid or degenerative-necrotic
plaques [43]. It is thus evident that elucidating the mechanisms of CD34 expression and CD34-cell
differentiation would have a positive impact on CVD disease.

We have previously demonstrated the involvement of miR-125b in the progression of ATH [25],
but our data was inconclusive about the role of the other highly related member of the family, miR-125a
(Figure 1A,B). It is interesting to notice that Cd34, Lin28a/b and the miR-125 family shared a molecular
link, since data mining of miRNA targets showed that Cd34 and Lin28a/b were predicted targets of
miR-125a/b. Furthermore, miR-125a was recently described as a regulator of hemopoietic progenitor
cell stemness [44]. In this context, we have addressed the study of the relationship among Cd34 and
miR-125(a,b) with the aim to generate new tools for the study of ATH progression.

We firstly substantiated the involvement of miR-125a in ATH progression by reanalyzing our
previous miRNA data to compare expression of the highly related miR-125a and miR-125b. As seen in
Figure 1C, while expression of both (in absolute Ct values) was very similar in the control samples,
miR-125a was slightly less expressed than miR-125b during ATH progression (SC1-SC3), thus justifying
why miR-125a did not show up in our earlier analysis of ATH-progression related miRNA genes.
Nevertheless, after treatment with the specific anti-CD40 siRNA both miRNAs showed similar
expression levels. The difference in expression levels was confirmed after normalization with the
U6-snRNA control (Table 1), and could be likely due to the fact that miR-125b was encoded by two
different genes (b-1 and b-2) while miR-125a was encoded by a single gene (Figure 1A).

We next studied CD34 expression in human ATH plaques, as well as in aortic tissues from the
mice. CD34-positive cells could be detected as clusters of cells in the neointimas and adventitias of
human (Figure 2) and mouse (Figure 3) diseased aortas. Furthermore, individual CD34-positive cells
could also be detected in the murine perivascular adipose tissue (PVAT) (Figure 3). Interestingly,
in aortic tissue from non diseased aortas the distribution of CD34-positive cells was totally different,
being mostly detected as scattered cells in the media layer (Figure 2C). One possibility is that this
differential distribution reflected distinct migratory or homing abilities of CD34-positive cells in the
context of normal or ATH-diseased aortic tissue.
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We next quantified CD34 expression/positive cells by two methods in our two disease models,
by PCR (human, Figure 2E) and by directly counting CD34-positive cells (mouse, Figure 3C).
Both approaches showed an increase in CD34 in ATH lesions. Increased levels of CD34 mRNA
were detected in human ATH plaques when compared with normal aortic tissue (Figure 2E) and
more cells were detected in SC24W mice (disease progression) than in siCD40 mice (Figure 3). This
is very interesting because most works on CD34-positive PCs and ATH progression has been made
with blood-circulating cells and there are scant data on lesion resident cells. Furthermore, a number
of authors showed a direct correlation among newly formed blood vessels (as CD34-positive cells)
at the neointima and ATH progression [45], that statin treated patients had reduced intraplaque
angiogenesis [46], or that a catechin supplementation in the diet of apoE deficient mice resulted
in a reduction of ATH lesions and a significant reduction in CD34 expression [47], in line with
the results here shown. On the other hand ATH progression has been related with reduced
levels of circulating EPCs [48], while a diminution in circulating CD34+/CD45(dim)/VEGFR2- or
CD34+/CD45(dim)/CD133+/VEGFR2-cells was shown to highlight patients with coronary endothelial
dysfunction [49].

Thus, it is clear that ATH progresses with a simultaneous increase in CD34 expression and in the
number of CD34-positive resident cells, a fact that would be apparently in full contradiction with a role
for the miR-125 family in the regulation of CD34 mRNA stability, since these are also overexpressed in
ATH progression. Nevertheless, the end of the coding domain and 3’UTR region of the CD34 gene is
a very complex genomic region, and upon a detailed analysis two features arose that could help to
understand the contradictory scenario. Firstly, this region is very poor in predicted miRNA binding
sites (after Targetscan), with only five of them, four clustered in a short, 70 bp region. This must
be a distinctive feature of the CD34 gene since, on the other hand, only one miRNA (miR-665) has
been experimentally confirmed as targeting CD34 [50], although this was not predicted by Targetscan.
Furthermore, two of these miRNAs, miR-125 and miR-351, shared the same seed sequence, but only
this last showed an expression profile (downregulated in ATH progression) compatible with being a
CD34 efector (Figure 5B), thus casting serious doubts on the role of the miR-125 family in the regulation
of CD34 stability. It is thus possible that only miR-351, but not miR-125, be involved in CD34 regulation,
and that data-mining and bioinformatic analysis were misled by the similarities among their seed
sequences. In this sense, miR-351 has been characterized as a developmental regulator that represses
differentiation of mesenchymal stem cells (to osteoblasts) by targeting the vitamin D receptor [51],
or suppresses angiogenesis [52], roles compatible with its downregulation during ATH progression in
our animal model

The second feature to consider when dealing with miRNAs targeting Cd34 is the structure of its
3’end region. Originally, the Cd34 gene was shown to be structured in 8 exons [53], and a subsequent
work showed that an alternative splicing event at exons X and 8 generated two transcript variants
which differed in the Cterminal domain of the protein, generating an isoform almost lacking this
domain and another one with a full-length Cterminal domain [10]. This last one included two PKC
phosphorylation cytosplamic sites [54], suggesting that the truncated form was unable for signaling.
Nevertheless, we have carefully reanalyzed the genomic sequence data of Cd34 and concluded that the
splicing event at exon 8 was more compatible with a splicing at an internal/cryptic splice site than
with an alternative splicing as previously described, since the originally defined alternative exon X is
in fact part of exon 8 and there is no intronic sequence among them.

This cryptic splicing (exon switch) is intriguing because it would have a compelling consequence
on the miRNA binding sites of Cd34, since these would be located at the beginning of the 3’UTR
sequence at the Cd34-TV1, but at the end of the coding region in Cd34-TV2 (Figures 4 and 5). This is
very interesting because recent work suggested that miRNAs targeting coding regions would cause
translational inhibition rather than degradation of the transcript (see [55] and references therein).
In this way Cd34-TV2 could be also considered as a “miRNA sponge” that would decrease microRNA
availability and relieve the repression of target RNAs through sequestering miRNAs away from
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parental mRNA. Should this be the case, this could have an impact on the balance of CD34 isoform
expression, as well as in the function of miR-125s since these could bind to sites in different transcript
contexts (3’UTR and CDS) and likely compete with miR-351 for the binding site. This complex miRNA
binding region at the 3’ end of the Cd34 transcript is worth studying “in vitro” with advanced tools of
molecular biology to describe its real impact on the dynamics of the Cd34 transcript and protein as
well as on the cells expressing this membrane marker and their role in human disease.

In conclusion, here we have demonstrated an increase in tissue resident CD34-positive cells in
the aortic tissue of human and mice during ATH progression. Secondly, although we have failed
to provide a sound functional relationship among miR-125 and Cd34, we have detected miR-351 as
a possible, alternative Cd34 effector. Lastly, we describe a novel regulatory mechanism of miRNA
function by which a cryptic splice event at the CD34 gene could regulate the accessibility of miR-125a
to the 3’UTR or to the coding region of the CD34 transcript, likely producing different effects on its
translation or its stability. Work is in progress to confirm this hypothesis.
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Abstract: Recent studies show an association of microRNA (miRNA) polymorphisms (miRSNPs) in
different cancer types, including non-Hodgkin lymphoma (NHL). The identification of miRSNPs
that are associated with NHL susceptibility may provide biomarkers for early diagnosis and
prognosis for patients who may not respond well to current treatment options, including the
immunochemotherapy drug combination that includes rituximab, cyclophosphamide, doxorubicin,
vincristine and prednisome (R-CHOP). We developed a panel of miRSNPs for genotyping while
using multiplex PCR and chip-based mass spectrometry analysis in an Australian NHL case-control
population (300 cases, 140 controls). Statistical association with NHL susceptibility was performed
while using Chi-square (χ2) and logistic regression analysis. We identified three SNPs in MIR143
that are to be significantly associated with reduced risk of NHL: rs3733846 (odds ratio (OR) [95%
confidence interval (CI)] = 0.54 [0.33–0.86], p = 0.010), rs41291957 (OR [95% CI] = 0.61 [0.39–0.94],
p = 0.024), and rs17723799 (OR [95% CI] = 0.43 [0.26–0.71], p = 0.0009). One SNP, rs17723799,
remained significant after correction for multiple testing (p = 0.015). Subsequently, we investigated an
association between the rs17723799 genotype and phenotype by measuring target gene Hexokinase 2
(HKII) expression in cancer cell lines and controls. Our study is the first to report a correlation between
miRSNPs in MIR143 and a reduced risk of NHL in Caucasians, and it is supported by significant
SNPs in high linkage disequilibrium (LD) in a large European NHL genome wide association study
(GWAS) meta-analysis.

Keywords: biomarker; cancer; MIR143; miRSNP; non-Hodgkin lymphoma; rs17723799; Hexokinase
2; HKII

1. Introduction

The global incidence of non-Hodgkin lymphoma (NHL) varies with the geographical region, with
the highest incidence rates occurring in North America, Europe, and Australasia [1]. According to
the American Cancer Society, non-Hodgkin lymphoma (NHL) is one of the most common cancers in
the United States, with around 75,000 people being predicted to be diagnosed in 2018, resulting in
around 20,000 deaths [2]. The European Cancer Information System predicts approximately 115,000
new NHL cases in 2018, resulting in 48,000 deaths [3]. Currently, in Australia, lymphoma is the sixth
most commonly diagnosed cancer (most common is breast cancer, followed by prostate, colorectal,
melanoma, and lung cancer) [4]. NHL is comprised of a large group of diverse lymphoid malignancies
involving either the lymph nodes or extranodal sites and it is more prevalent in males living in
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more developed countries over the age of 60 years [5]. The two most common NHL subtypes are
diffuse large B-cell lymphoma (DLBCL), which is highly aggressive with a poor prognosis [6] and
follicular lymphoma (FL), which is more indolent, but it can undergo a high-grade transformation
into DLBCL [7]. Molecular mechanisms that are involved in NHL pathogenicity have been widely
investigated; however, there is still a need to identify improved biomarkers for clinical diagnostic and
therapeutic use.

Mature microRNAs (miRNAs) are short sequences of non-coding RNA that function to regulate
the translational expression of their target genes through complementary binding to the 3′-untranslated
regions (3′-UTRs) of the target mRNA, in what is referred to as the miRNA recognition element
(MRE) [8,9]. The processing pathway and biogenesis of miRNAs has been well characterised [10–12],
with several miRNAs being involved in targeting and regulating the expression of oncogenes and/or
tumour suppressor genes [13]. Single nucleotide polymorphisms (SNPs) in miRNA biogenesis genes
and miRNA genes themselves influence miRNA biogenesis, the processing of precursors to mature
miRNAs, regulatory function, and stability of the miRNAs, and, if located in the mRNA 3′-UTR binding
sites, can also disrupt miRNA binding and affect the expression of these target genes [14]. According to
the miRNA SNP Disease Database (MSDD) [15] SNPs that occur in miRNA-related functional regions,
such as mature miRNAs, promoter regions, pri- and pre-miRNAs, and target gene 3′UTR binding sites
are collectively referred to as “miRSNPs” (miRNA polymorphisms). These polymorphisms represent
a novel category of functional molecules that regulate gene expression [16]. SNPs in miRNA genes
have been shown to affect miRNA biogenesis, with these SNPs potentially resulting in reduced and
increased mature miRNA levels. It has been predicted that, if a SNP occurs in the miRNA stem
region and decreases the stability of the hairpin structure, then it will reduce the amount of mature
miRNA produced [16]; however, if it fails to decrease stability, it will tend to increase the amount of
mature miRNA produced and lead to disease pathogenesis [16]. Furthermore, SNPs occurring in the
non-coding regulatory regions of genes, such as the miRNA-binding sites in the 3′-UTRs of target
genes, can cause mRNA instability changes, leading to disease pathogenesis. A number of studies have
identified roles for miRNAs [17], as well as miRSNPs [18,19] in NHL. These studies have examined
the suitability of miRSNPs as diagnostic and prognostic biomarkers for improved clinical treatment
and survival, particularly as NHL is a heterogeneous disease with outcomes that vary from patient to
patient. However, few studies have demonstrated the association of SNPs in miRNAs with NHL risk.

Serum lactate dehydrogenase A (LDH-A), which is an enzyme converting pyruvate to lactate,
is commonly elevated in aggressive NHL cases, such as DLBCL and Burkitt’s lymphoma, and it has
been used as a prognostic indicator for overall survival [5]. Cancer cells are able to produce lactate in a
high oxygen environment (aerobic glycolysis), causing a phenomenon of cancer metabolism, known
as the Warburg effect. The unusual utilisation of glucose by cancer cells results in the production of
lactate, which is normally only produced during anaerobic respiration [20]. Hexokinase 2 (HKII) is
a tissue-specific isoenzyme that phosphorylates glucose to glucose-6-phosphate (G-6-P) at the start
of the glycolysis pathway, and its upregulation contributes to cancer cell glycolysis and the Warburg
effect [21–23]. Hexokinase 2 maintains the high rate of glucose catabolism that is required for the
survival of tumour cells, allowing them to sustain a higher rate of proliferation and resistance to cell
death signals [21,23]. A variety of tumours are characterised by upregulated HKII expression, making
it an attractive therapeutic target [23–25]. Oncogenes, such as MYC and RAS, and tumour suppressor
genes, such as p53, are known to regulate metabolic enzyme expression and they can cause cancer if
they happen to undergo mutations [20]. In addition, hypoxia-inducible factor 1-alpha (HIF1A) and
MYC proteins cooperate to regulate the expression of HKII and PDK1 genes [26]. An investigation of
the Warburg effect in Burkitt’s lymphoma (BL) cells, where the HIF1A protein was highly expressed
in EBV-positive BL cell lines, showed that the inhibition of MYC activity led to decreased expression
of MYC-dependent genes and LDH-A activity, implicating MYC as the master regulator of aerobic
glycolysis in these cells [26].
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Most recently, Bhalla et al. investigated the role of hypoxia in DLBCL [27]. They demonstrated
that the up-regulation of HIF1A resulted in repressed protein translation, however HKII was
selectively translated by eIF4E1 to promote DLBCL growth in vitro and in vivo under hypoxic stress.
Their findings suggest HKII as a key metabolic driver of the DLBCL phenotype. It has also been
shown that acquired resistance in rituximab-resistant lymphoma cell lines (RRCL) was associated
with the deregulation of glucose metabolism and an increase in the apoptotic threshold, leading
to chemotherapy resistance, where RRCL expressed higher levels of HKII. Targeting HKII in these
cells led to decreased resistance, implying that increased HKII levels in aggressive lymphoma causes
chemotherapy resistance, while also identifying this as a potential therapeutic target [22]. Many HKII
inhibitors have been effective in anti-cancer therapies, such as 3-bromopyruvate (3-BP), which was
found to inhibit HKII, activate the mitochondrial cell death pathway, and deplete levels of ATP [22],
and it was also shown to induce apoptosis in a breast cancer cell line (MDA-MB-231) [28].

The main aim of this study was to investigate the genetic association between miRSNPs that
were previously implicated in tumourigenesis and/or NHL susceptibility and prognosis, based on a
comprehensive review of recent literature [19,29,30]. We genotyped 39 miRSNPs using a multiplex
PCR and matrix assisted laser desorption time-of-flight (MALDI-TOF) mass spectrometry (MS)
MassARRAY® system in our Genomics Research Centre Genomics Lymphoma Population (GRC
GLP-non-Hodgkin lymphoma) cohort. After basic association testing, three SNPs in MIR143 were
identified to be significantly associated with NHL, with one SNP, rs17723799, remaining significant after
Bonferroni correction for multiple testing (p-value = 0.015). After logistic regression testing the same
three SNPs in MIR143 were significantly associated with reduced risk of NHL in the Additive model:
rs3733846 (Odds ratio (OR) [95% confidence interval (CI)] = 0.54 [0.33–0.86], p = 0.010), rs41291957
(OR [95% CI] = 0.61 [0.39–0.94], p = 0.024), and rs17723799 (OR [95% CI] = 0.43 [0.26–0.71], p = 0.0009).
As HKII is a known target gene for mature hsa-miR-143 (miR-143), our secondary aim examined
HKII expression in four patient-derived NHL cell lines, as compared to a metastatic breast cancer
(MDA-MB-231) and melanoma (MDA-MB-435) cell line, as well as two healthy control subjects to
assess the potential functional link between miR-143 regulation and HKII levels in NHL.

2. Materials and Methods

2.1. Study Population

The GRC-GLP retrospective cohort consists of 300 NHL cases and 140 healthy controls. All of
the samples are of Caucasian origin with Australian/British/European grandparents with no family
history of a haematological malignancy. The cases were matched according to age- (within five years),
sex-, and ethnicity with healthy cancer-free controls. Cases were collected between 2010 and 2014 from
the Princess Alexandra Hospital in Brisbane, and the GRC clinic in Mermaid Waters on the Gold Coast.
The case cohort mainly consists of FL (n = 95) and DLBCL (n = 88), with 79 cases being unclassified
as NHL or “Other B-cell”. B-cell chronic lymphocytic lymphoma (CLL), cutaneous T-cell lymphoma,
Mantle cell lymphoma (MCL), Splenic marginal zone lymphoma (SMZL), Mucosa-associated lymphoid
tissue lymphoma (MALT), and Burkitt’s lymphoma (BL) make up the remaining subtypes, in the
order of frequency from highest to lowest (Table 1). Patients and healthy volunteers were required to
complete a personal questionnaire and provide written consent to participate in research. The cohort is
comprised of 48% male and 52% female participants, with the mean age of cases 63.72 years (standard
deviation (SD) = 12.95 years) and the mean age of controls 63.14 years (SD = 13.03 years). In addition,
35 new NHL cases were received in 2016 (collected in 2014), comprised of 71% male and 29% female,
with an average age of 59.6 years (SD = 13.6 years). Ethics for the collection and the use of participant
samples was approved by the Queensland University of Technology Research Ethics Committee
(approval number 1400000125). All of the subjects gave written informed consent, in accordance with
the Declaration of Helsinki.
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Table 1. Retrospective Genomics Lymphoma Project-non-Hodgkin lymphoma (GLP-NHL) cohort
comprising of different NHL subtypes and the number of cases for each subtype.

NHL Subtype No. of Cases in the Cohort

FL 95
DLBCL 88

Other B-cell/NHL/unclassified 79
B-CLL 16

T-cell lymphoma 7
Mantle cell lymphoma (MCL) 6

Splenic marginal zone lymphoma (SMZL) 4
Mucosa-associated lymphoid tumour (MALT) 3

Burkitt’s lymphoma (BL) 2
Total 300

GLP: Genomics lymphoma population; NHL: Non-Hodgkin lymphoma; FL: Follicular lymphoma; DLBCL: Diffuse
large B cell lymphoma; CLL: Chronic lymphocytic lymphoma.

2.2. Genomic DNA Extraction

Genomic DNA (gDNA) was extracted from whole blood collected into EDTA tubes using an
in-house salting-out method, as evaluated by Chacon et al. [31]. DNA concentration and purity was
measured using the NanoDropTM ND-1000 spectrophotometer (ThermoFisher Scientific Inc., Waltham,
MA, USA) before dilution to 15–20 ng/μL and storage as stock gDNA at 4 ◦C.

2.3. miRSNP Selection and iPlex Primer Design

39 cancer-related microRNA-related SNPs (miRSNPs) were selected for genotyping by chip-based
multiplex PCR and MALDI-TOF MS (Agena MassARRAY®, San Diego, CA, USA), following a
comprehensive review of the recent literature related to miRNA biomarkers in tumourigenesis,
including breast cancer and/or non-Hodgkin lymphoma [18]. Forward, reverse, and extension
primers were designed for each SNP using the MassARRAY® AgenaCx design software. Primers were
manufactured by Integrated DNA Technologies (IDT, Singapore) and primer sequences are available
on request.

2.4. Primary Multiplex PCR

Genotyping was performed using the iPlexTM GOLD Reagent Kit (Agena), according to the
manufacturer’s instructions. Forward and reverse primers were pooled, with extension primers being
pooled according to mass using the linear primer adjustment method. All of the PCR reactions were
performed in 96-well reaction plates in a VeritiTM 96-well Thermal Cycler (ThermoFisher Scientific Inc.,
Waltham, MA, USA).

2.5. MALDI-TOF MS and Data Analysis

Prior to each run, the extension products were spotted on to the SpectroCHIP® (Agena) using
the Agena MassARRAY® Nanodispenser (Agena), which was immediately loaded into the Agena
MassARRAY® Analyser 4 for genotype detection of each SNP in the assay by the SpectroAcquire
v4.0 software (Agena). Final data analysis was performed using the MassARRAY® Typer software
v4.0 (Agena).

2.6. In-Vitro Culture of Cell Lines and Primary Lymphocytes

All of the commercial patient-derived NHL B-lymphoid (SU-DHL-4, Raji, Mino, Toledo), breast
cancer (MDA-MB-231), and melanoma (MDA-MB-435) cell lines were previously acquired from the
American Type Culture Collection (ATCC®, Manassas, VA, USA). The cell lines were authenticated
by the GenePrint® 10 System, according to the manufacturer’s instructions as a service provided
by the School of Biomedical Sciences, QUT. For experiments, the cells were seeded into T-75 flasks
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with 20 mL RPMI-1640 or DMEM growth media (Invitrogen, ThermoFisher), supplemented with
10% foetal bovine serum and 1% Penicillin-Streptomycin antibiotic. Cultures were incubated at 37 ◦C
under 5% CO2 conditions. The cells were harvested into TRIzol® and Runx protein-lysis buffer for
RNA and protein extraction (see below) and then pelleted for DNA extraction at 90% confluence and
95% viability. Cell counts and viability were assessed via the Trypan Blue exclusion method on a
TC10TM automated cell counter (Bio-Rad, Hercules, CA, USA). Primary lymphocytes from healthy
subjects were isolated from peripheral blood mononuclear cells (PBMCs) using the Ficoll-Histopaque
centrifugation method (Sigma-Aldrich, St. Louis, MI, USA). Cells were washed with 1x PBS and then
plated into T-75 culture flasks in RPMI-1640 with Phytohaemagglutinin (PHA) (Sigma-Aldrich) mitogen
for up to 24 h to allow for monocytes to adhere to the flask. After a minimum of three hours, the
lymphocytes in suspension were removed and plated into new flasks with PHA and interleukin 2 (IL-2)
(Sigma-Aldrich). The lymphocytes were left to proliferate at 37 ◦C under 5% CO2 conditions for five
days. Live lymphocyte counts were performed on a haemocytometer and viability assessed by Trypan
blue dye.

2.7. Validation of Genotyping by MassARRAY® and Genotyping of Cell Lines and Healthy Controls by
Sanger Sequencing

The genotype plots on the MassARRAY® system were assessed and manually genotyped for
scattered data not assigned by the analysis software. For statistically significant SNPs (p < 0.05), a
subset of samples was validated by Sanger sequencing (SS) using primers (Table 2) to ensure the
accuracy of genotype calls by the Agena MassARRAY® system. Briefly, amplified PCR products were
treated with Exo-SAP for use in Big Dye Terminator v3.1 (ThermoFisher Scientific, Life Technologies)
sequencing reactions, and analysed on the 3500 Genetic Analyser (ThermoFisher Scientific, Life
Technologies). Sequencing data for each sample chromatogram was assessed using Chromas Lite 2.1.1
software). The genotypes obtained were found to be 100% concordant between the MassArray® and
SS. gDNA was extracted from NHL cell line pellets using the GenePrint® 10 System, according to the
manufacturer’s instructions.

Table 2. Sanger sequencing primers for three analysed MIR143 single nucleotide polymorphisms.

SNP Forward Primer (5′–3′) Reverse Primer (5′–3′) Accession ID

rs3733846 TGTTTGCCTCCATCTCCTCT CCTTCCCATGGAGCTTTGT NC_000005.1
rs41291957 CAGGAAACACAGTTGTGAGG 1 AGGAGAAGGGGTGTTAGAGG 1 NC_000005.1
rs17723799 TGGTCATCCAATCAGCCACC GGAAGGGACCCTGTCAACTG NC_000005.1

1 Same sequence as MassARRAY® primer design (AgenaCx); SNP: Single Nucleotide Polymorphism.

2.8. RNA Extraction, cDNA Synthesis and q-PCR

Total RNA was extracted from cell lines and control primary lymphocyte homogenates using
the Direct-zolTM RNA MiniPrep extraction kit (Zymo Research, Irvine, CA, USA), according to the
manufacturer’s instructions. Total RNA was converted to complementary DNA (cDNA) while
using the iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories), according to the manufacturer’s
instructions. Each q-PCR was performed in triplicate, with 120 ng cDNA being amplified
with SYBR® Green PCR master mix (Promega, Madison, Wisconsin, USA) and HKII forward
(5′-CCCGGGAAAGCAACTGTTTG-3′) and reverse (5′-ACCGGTGTTGAGAAGCTCTG-3′) primers in
a 10ul final reaction volume on the QuantStudio 7 instrument under the following reaction conditions:
50 ◦C for 2 min (×1 cycle), 95 ◦C for 3 min (×1 cycle), 95 ◦C for 3 s, and 60 ◦C for 30 s (×50 cycles).
PCR efficiency for the HKII primer pair was 103%, with a single peak melt curve. 18S was used as
an endogenous control and gene expression was calculated using the relative quantification method
(ΔΔCt). A student’s t-test was used to calculate the significant differences between HKII expression
profiles in cell lines and healthy controls.
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2.9. Protein Detection by Western Blot

Total protein was isolated from cell lysates using the RUNX protein-lysis buffer (20 mM HEPES,
25% glycerol, 1.5 mM MgCl2, 420 mM NaCl, 0.5 mM DTT, 0.2 mM EDTA, 0.5% Igepal CA-630,
0.2 mM Na3VO4, 1 mM PMSF, and dH20 containing a protease and phosphatase inhibitor cocktail).
Protein concentration was measured using the QubitTM Protein Assay Kit (Invitrogen). For SDS-PAGE
(Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis), 30 μg total protein was separated
for 1.5 h at a constant 120 V in a mini-PROTEAN Tetra unit. The HKII protein (109 kDa) was
detected using a mouse anti-HKII primary antibody (Abcam, ab104836) and an HRP-conjugated
anti-mouse IgG secondary antibody (Cell Signaling, #7076). Sample loading was normalised using
secondary HRP-conjugated anti-Beta-actin (Cell Signaling, #5125S). Enhanced chemiluminescence
detection (ClarityTM, ECL, Bio-Rad) of HKII and Beta-actin was performed using the Fusion Spectra
chemiluminescent system (Vilber Lourmat, Fisher Biotec) and optical density quantitation was assessed
using Image J software [32].

2.10. Statistical Analysis

Chi-square (χ2) analysis was used to determine the differences in genotype and allele frequencies
between case and control samples, where a p-value < 0.05 was considered to be statistically significant.
Genetic association and haplotype analysis of genotyping data was performed using the latest Plink
v1.09 [33], RStudio [34], and HaploView [35] software. Quality control (QC) filters were applied to
the full dataset consisting of 39 variants, 300 cases, and 140 controls. Following basic association
testing, where correction for multiple testing was applied in the filtered dataset, a mixed model logistic
regression test adjusting for the covariate ‘sex’ was performed in association with NHL with risk
determined by OR and CI that were set at 95%.

2.11. NHL-GWAS Replication Dataset

Cerhan et al. [36] conducted a meta-analysis of three new NHL genome-wide association studies
(GWAS): NCI, GELA, and MAYO_DLBCL, and one previous scan (SF), including around 3857 cases
and 7665 healthy controls of European ancestry (InterLymph Consortium), to identify the genetic
susceptibility loci for DLBCL, with further genotyping of nine SNPs in 1359 cases and 4557 healthy
controls. For the first three groups, NCI, GELA, and MAYO_DLBCL, data was genotyped and for the
scan, SF, data was imputed. We requested genotype summary statistics from the authors, for SNPs to
be included in the GWAS that were in high linkage disequilibrium (LD) (D’ = 1.00), with significantly
associated SNPs in our SNP MassARRAY® panel, i.e., rs12659504 and rs878008, in order to investigate
the replication of our findings.

3. Results

3.1. Genetic Association of MIR143 SNPs and NHL Risk

In this study, 39 cancer-related microRNA-related SNPs (miRSNPs) were selected for genotyping
by chip-based multiplex PCR and MALDI-TOF MS in the GLP-NHL population of 300 cases and
140 healthy controls. Allele frequencies for each variant in the GLP-NHL case-control cohort were
established and the minor allele frequencies (MAFs) were compared to those that were observed in
European and British populations in the Hapmap 1000G database (Table 3). After the QC filters were
applied, basic allelic association testing revealed two SNPs in MIR143/145 (rs3733846 [OR = 0.56,
p = 0.012], rs41291957 [OR = 0.56, p = 0.008]), and one SNP in the promoter region of MIR143
(rs17723799 [OR = 0.42, p = 0.0004]) on chromosome 5 to be significantly associated with a reduced
risk of NHL (Table 3). After correction for multiple testing, the rs17723799 SNP remained statistically
significant using the Bonferroni (p = 0.015) adjustment method (Table 3). A logistic regression test
adjusted for the covariate ‘sex’ revealed the same three SNPs in MIR143 to be significantly associated
with the reduced risk of NHL in the Additive model: rs3733846 (OR [95% CI] = 0.54 [0.33–0.86],
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p = 0.010), rs41291957 (OR [95% CI] = 0.61 [0.39–0.94], p = 0.024), and rs17723799 (OR [95% CI] = 0.43
[0.26–0.71], p = 0.0009) (Table 4). Genotype and allele frequencies were determined for the three MIR143
SNPs and were compared with 1000G and gnomAD MAF percentages (Table 5). The rs17723799 SNP
was identified to have a significant difference in allele (p = 0.013) and genotype (p = 0.039) frequencies
between the case and control sample cohorts (Table 5). A mixed model logistic regression test adjusted
for the covariate ‘sex’ revealed the rs17723799 SNP to be significantly associated with a reduced risk
of NHL in the Additive (OR [95% CI] = 0.43 [0.26–0.71], p = 0.0009), Dominant (OR [95% CI] = 0.54
[0.33–0.88], p = 0.015), Over-dominant (OR [95% CI] = 0.56 [0.33–0.92], p = 0.024), and Log-additive (OR
[95% CI] = 0.58 [0.38–0.90], p = 0.017) models of inheritance (Table 6). The two other MIR143 SNPs in
LD with rs17723799, i.e., rs3733846, and rs41291957 (Table 7) were also shown to be associated with a
significantly reduced risk of NHL after logistic regression testing in the Additive model only: rs3733846
(OR [95% CI] = 0.54 [0.33–0.86], p = 0.010) and rs41291957 (OR [95% CI] = 0.61 [0.39–0.94], p = 0.024).
Analysis of the three SNPs was also performed in association with the two most common NHL
subtypes that are present in the cohort, i.e., DLBCL and FL, however the results were non-significant
for all three SNPs (p > 0.05). This could be due to the small number of cases representing these
subtypes and the reduced statistical power. All three SNPs were validated by Sanger sequencing in
5–10 randomly selected cases and controls, with the genotype of all samples being confirmed.

Table 3. Basic association testing for 39 genotyped SNPs showing minor allele frequencies (MAFs),
Hardy-Weinberg Equilibrium (HWE) score for controls, unadjusted odds ratios, and p-values and
adjusted p-values after correction for multiple testing. A1, minor allele; A2, major allele; MAF, minor
allele frequency; NCHROBS, number of chromosomes observed; 1000G, 1000 Genomes Database;
HWE, Hardy-Weinberg Equilibrium; OR, odds ratio.

Chr
miRNA/Target

Gene
SNP A1 A2

MAF/
NCHROBS

MAF 1000G
HWE

UNAFF
OR p-Value

Adjusted
p-Value

1 E2F2 rs2075993 G A 0.5/862 G = 0.3488/1747 0.2368 0.885 0.4535 1

1 GEMIN3
3′-UTR rs197412 C T 0.4092/870 C = 0.4744/2376 0.6013 0.8779 0.4301 1

2 hsa-miR-155-3p rs4672612 A G 0.338/858 A = 0.3878/1942 0.5476 1.095 0.6006 1
4 TET2 rs7670522 A* C 0.4701/870 C = 0.3600/1803 1.000 1.089 0.6041 1

4 hsa-miR-4330/
5100 rs2647257 T A 0.408/848 T = 0.2386/1195 0.3732 0.9403 0.7094 1

5 hsa-miR-224-5p rs12719481 G A 0.2719/868 G = 0.3670/1838 1.000 1.072 0.7052 1
5 hsa-miR-143 rs3733846 G A 0.1367/878 G = 0.2063/1033 1.000 0.5646 0.012 0.467
5 hsa-miR-143 rs17723799 T C 0.1129/868 T = 0.1118/560 1.000 0.423 0.0004 0.015
5 hsa-miR-143 rs41291957 A G 0.1412/878 A = 0.1214/608 1.000 0.5624 0.008 0.326
5 hsa-miR-145 rs353291 C T 0.4237/826 C = 0.3608/1807 0.1473 1.204 0.2648 1
5 hsa-miR-146-a rs2910164 C G 0.2204/862 C = 0.2797/2881 0.5978 1.19 0.3908 1
5 hsa-miR-218-2 rs11134527 A G 0.2189/868 A = 0.3462/1734 0.7982 1.061 0.7635 1
6 XPO5 rs11077 G T 0.4255/872 G = 0.4036/2021 0.3862 0.9566 0.7869 1
6 TAB2 rs9485372 A G 0.1965/850 A = 0.2408/1206 1.000 0.844 0.4084 1
6 ESR1, C6orf97 rs2046210 A G 0.3353/850 A = 0.4121/2064 1.000 1.277 0.1659 1
8 TP53 rs896849 G A 0.1501/866 G = 0.2183/1093 0.4915 0.9369 0.7695 1
8 CASC21 rs13281615 G A 0.4417/840 G = 0.4912/2460 0.3853 0.7541 0.08388 1
8 AGO2 rs3864659 C A 0.1023/860 C = 0.1436/719 0.6026 1.147 0.6275 1
8 AGO2 rs4961280 A C 0.1835/872 A = 0.1490/746 0.7390 1.416 0.1075 1
9 hsa-miR-101-2 rs462480 G T 0.3984/876 G = 0.4451/2229 0.7246 1.001 0.9948 1

10 hsa-miR-608 rs4919510 G C 0.1979/874 G = 0.3638/1822 1.000 1.115 0.6034 1
10 hsa-miR-202 rs12355840 C T 0.1368/848 C = 0.3189/1597 0.6598 0.494 0.1049 1
11 hsa-miR-210 rs1062099 C G 0.1701/876 C = 0.1649/826 0.3067 1.29 0.2536 1
11 LSP1 rs3817198 C T 0.3289/836 C = 0.2155/1079 0.7152 0.7085 0.04181 1

11 TMEM45,
BARX2 rs7107217 A C 0.4883/858 A = 0.4876/2442 0.5987 0.8992 0.514 1

12 KRAS 3′-UTR rs61764370 C A 0.0962/852 C = 0.0347/174 1.000 0.6795 0.1473 1
12 hsa-miR-196-a2 rs11614913 T C 0.4205/880 T = 0.333/1666 0.226 0.928 0.6501 1
12 pre-miR-618 rs2682818 A C 0.1465/874 A = 0.2424/1214 0.3061 1.115 0.6448 1
14 HIF1A 3′-UTR rs2057482 T C 0.1250/856 T = 0.2424/1214 0.6797 1.106 0.6831 1
14 DICER1 rs3742330 G A 0.0878/854 G = 0.1382/692 0.2499 1.261 0.4423 1
14 DICER1 rs1057035 C T 0.3709/852 C = 0.1723/863 0.854 0.8726 0.4174 1
16 TOX3 rs8051542 T C 0.4322/856 T = 0.3133/1569 1.000 0.7698 0.1095 1
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Table 3. Cont.

Chr
miRNA/ Target

Gene
SNP A1 A2

MAF/
NCHROBS

MAF 1000G
HWE

UNAFF
OR p-Value

Adjusted
p-Value

16 TOX3 rs3803662 A G 0.2207/852 A = 0.4403/2205 1.000 0.9065 0.6119 1
18 hsa-miR-143-5p rs4987859 T C 0.0631/856 T = 0.0477/239 0.597 0.744 0.3466 1
18 hsa-miR-27-a-5p rs4987852 C T 0.0667/854 C = 0.0190/95 0.4495 1.081 0.811 1
18 hsa-miR-27-a-5p rs1016860 T C 0.1175/868 T = 0.1166/584 1.000 0.8423 0.4808 1

21 hsa-miR-155
HG rs987195 G C 0.0917/840 G = 0.1472/737 0.361 0.6702 0.1265 1

21 hsa-miR-155 rs12482371 C T 0.1632/858 C = 0.4151/2079 0.5662 0.7506 0.1748 1
X hsa-miR-221/222 rs34678647 T G 0.0375/667 T = 0.1423/537 0.1782 0.433 0.05456 1

Table 4. Logistic regression analysis of MIR143 SNPs in association with NHL showing p-values after
adjusting for covariate ‘sex’. A1, minor allele.

Chr Gene SNP A1 Model OR (CI 95%) p-Value

5 MIR143 rs3733846 G Additive 0.54 (0.34–0.87) 0.010
5 MIR143 rs41291957 A Additive 0.61 (0.39–0.94) 0.024
5 MIR143 rs17723799 T Additive 0.61 (0.26–0.71) 0.0009

Table 5. Allele and genotype frequencies of SNPs located in MIR143 in the GLP-NHL case and control
populations in comparison to allele frequencies obtained from HapMap 1000G and gnomAD databases.
HWE, Hardy-Weinberg Equilibrium (HWE) test score.

rs17723799

Allele Genotype

C (%) T (%) p-Value C/C (%) C/T (%) T/T (%) p-Value HWE

Controls 234 (84.8) 42 (15.2)

0.013
99 (71.7)
244 (82.4)

36 (26.1)
48 (16.2)

3 (2.2)
4 (1.4) 0.039

1.000
0.311

Cases 536 (90.5) 56 (9.5)
MAF 770 (88.7) 98 (11.3)

1000G (%) 88.8 11.2
gnomAD (%) 86.9 13.1

rs3733846

Allele Genotype

A (%) G (%) p-Value A/A (%) A/G (%) G/G (%) p-Value HWE

Controls 231 (83) 47 (17)

0.057
96 (69)
232 (77)

39 (28)
63 (21)

4 (3)
5 (2) 0.167 1.000

0.785

Cases 527 (88) 73 (12)
MAF (%) 758 (86.3) 120 (13.7)

1000G (%) 79.4 20.6
gnomAD (%) 84.4 15.6

rs41291957

Allele Genotype

G (%) A (%) p-Value G/G (%) G/A (%) A/A (%) p-Value HWE

Controls 229 (82.4) 49 (17.6)

0.043
94 (67.6)
233 (77.7)

41 (29.5)
59 (19.7)

4 (2.9)
8 (2.6) 0.070 1.000

0.106

Cases 525 (87.5) 75 (12.5)
MAF (%) 754 (85.9) 124 (14.1)

1000G (%) 87.9 12.1
gnomAD (%) 84 16
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Table 6. Mixed model logistic regression analysis adjusted for the covariate ‘sex’ for the rs17723799
SNP in MIR143.

Model Genotype Controls (%) Cases (%) χ2 OR (95% CI) p-Value

Allelic T vs. C 39/459 36/178 12.84 - 0.0003
Additive - - - 0.43 (0.26–0.71) 0.0009

Co-dominant CC 97 (71.9) 243 (82.4) 1.00 (reference)
CT 35 (25.9) 48 (16.3) 0.55 (0.33–0.91)
TT 3 (2.2) 4 (1.4) 0.47 (0.10–2.23) 0.051

Dominant CC 97 (71.9) 243 (82.4) 1.00 (reference)
CT–TT 38 (28.1) 52 (17.6) 0.54 (0.33–0.88) 0.015

Recessive CC–CT 132 (97.8) 291 (98.6) 1.00 (reference)
TT 3 (2.2) 4 (1.4) 0.53 (0.11–2.52) 0.438

Over-dominant CC–TT 100 (74.1) 247 (83.7) 1.00 (reference)
CT 35 (25.9) 48 (16.3) 0.56 (0.33–0.92) 0.024

Log-additive - 135 (31.4) 295 (68.6) 0.58 (0.38–0.90) 0.017

Table 7. Linkage disequilibrium (D’) values for SNPs on chromosome 5 in HapMap 1000G European
(EUR) Central European (CEU)/Great Britain (GBR) populations.

SNP
Location

(GRChg38)
rs3733846 rs12659504 rs878008 rs17723799 rs41291957

rs3733846 149,425,059 - 1.000/1.000 1.000/1.000 1.000/1.000 0.721/0.941
rs12659504 149,425,442 - - 1.000/1.000 1.000/1.000 0.721/0.942
rs878008 149,425,488 - - - 1.000/1.000 0.721/0.942

rs17723799 149,427,514 - - - - 0.999/0.999
rs41291957 149,428,827 - - - - -

3.2. Replication of Summary Statistics in a Large EUROPEAN NHL GWAS Meta-Analysis

As we did not have access to an in-house replication NHL population, we interrogated the
complete list of SNPs (700,000+ loci) that are available on the HumanOmniExpress-12-v1-1-C chip
(Illumina) studied in three NHL GWAS for the presence of SNPs found to be significantly associated
with NHL in our study. Unfortunately, our three SNPs in MIR143 were not included in the GWAS,
however we were able to find two SNPs (rs12659504 and rs878008) on chromosome 5 in the GWAS in
high LD (r2 = 1.00, D’ = 1.00) with rs3733846 and rs17723799 (Table 7). A high linkage disequilibrium
(LD) score identified strong non-random association of nearby variants on the same chromosome.
Additionally, a meta-analysis of three individual GWAS and one imputation scan performed by
Cerhan et al. [37], which included 3855 cases and 7664 controls, showed a significantly reduced risk of
NHL for both of these SNPs: rs12659504 (OR [95% CI] = 0.91 [0.84–0.99], p = 0.033) and rs878008 (OR
[95% CI] = 0.92 [0.84–1.00], and p = 0.041 (Table 8) (InterLymph Consortium).

3.3. Haplotype Analysis of MIR143 SNPs in LD on Chromosome 5

We performed haplotype analysis for the three SNPs (rs3733846, rs41291957, and rs17723799)
that were located in MIR143 on chromosome 5 found to be significantly associated with a reduced
risk of NHL in our case-control cohort. The most commonly inherited haplotype was haplotype 3
(A-G-C), with a frequency of 0.82 (82%) in case samples and 0.79 (79%) in control samples (Table 9).
A significantly reduced risk of NHL was observed with the inheritance of haplotype 4 (G-A-T) with
all three minor alleles, which occurred at a frequency of 0.09 (9%): OR [95% CI] = 0.42 [0.18–1.00],
p = 0.049) (Table 10). A linkage disequilibrium plot showed moderate linkage between the three SNPs
when being assessed using Haploview 4.2 (Figure 1).
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Table 9. Haplotype frequencies for analysed MIR143 SNPs in GLP-NHL case and control populations.

Haplotype rs3733846 rs41291957 rs17723799
Frequencies

Cases
Frequencies

Controls

1 A A C 0.03608 0.03255
2 A A T 0.00000 0.00000
3 A G C 0.81643 0.79232
4 A G T 0.02582 0.00517
5 G A C 0.02159 -
6 G A T 0.06733 0.14260
7 G G C 0.03092 0.02067
8 G G T 0.00182 0.00670

Table 10. Association of haplotypes for analysed MIR143 SNPs in GLP-NHL case and control populations.

Haplotype rs3733846 rs41291957 rs17723799
Haplotype

Frequencies
OR (CI 95%) p-Value

1 A G C 0.80883 0.90 (0.43–1.90) 0.7799
2 A G T 0.01898 6.34 (0.60–67.07) 0.1246
3 G A C 0.01461 Inf (Inf-Inf) 0.0000
4 G A T 0.09137 0.42 (0.18–1.00) 0.0495
5 G G C 0.02762 1.22 (0.38–3.88) 0.7370

rare * * * 0.00359 0.12 (0.00–2.95) 0.1920

Figure 1. Linkage disequilibrium (LD) plot for analysed polymorphisms in the MIR143 host gene using
Haploview software version 4.2 (Daly Lab, Broad Institute, Cambridge, MA, USA).

3.4. Genotyping of rs17723799 (C>T) in Cell Lines and Healthy Control Samples

We genotyped four commercially sourced, immortalised NHL cell lines (SU-DHL-4, Raji, Mino
and Toledo), a metastatic breast cancer cell line (MDA-MB-231), a melanoma cell line (MDA-MB-435),
and two healthy cancer-free control subjects for the MIR143 rs17723799 SNP. All of the NHL cell lines
were homozygous for the wild type risk allele C (CC). The breast cancer cell line was homozygous
wild type CC. The melanoma cell line was homozygous for the minor allele T (TT). Both the healthy
control subjects were homozygous for the wild type C allele (CC). As the minor T allele is reported to
be present at a frequency of 0.11 (11%) in the healthy European population (Table 5), these results were
not surprising; however, it was interesting that all NHL cell lines were identified to be homozygous for
the wild type allele C, which was observed as the risk allele for NHL in our genetic association analysis.
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3.5. miR-143 Target Gene HKII Expression in Cancer Cell Lines and Healthy Control Lymphocytes

miR-143 inhibits the expression of its target gene HKII by binding to a conserved recognition motif
that is located in the 3′-UTR of mRNA. We examined HKII expression at the mRNA and protein level in
four NHL cell lines (SU-DHL-4, Raji, Mino, Toledo), a metastatic breast cancer cell line (MDA-MB-231),
and a melanoma cell line (MDA-MB-435). In addition, two healthy control donors were included as a
reference for basal HKII expression levels for statistical analysis.

3.5.1. HKII Gene Expression Is Increased in NHL Compared to Healthy Controls

q-PCR analysis of HKII mRNA transcript expression showed increased levels of HKII mRNA
transcript in the four patient-derived NHL cell lines (SU-DHL-4, Raji, Mino, and Toledo) when
compared to lymphocytes that are derived from two healthy control subjects, however the differences
in expression levels were not statistically significant (Figure 2). Western blot and band quantitation
analysis confirmed these findings, showing increased HKII protein levels in the NHL cell lines
examined when compared to the controls (Figure 3).

Figure 2. Hexokinase 2 (HKII) gene expression. q-PCR analysis of HKII mRNA transcript expression
in NHL (SU-DHL-4, Raji, Mino, Toledo), breast cancer (MDA-MB-231) and melanoma (MDA-MB-435)
cell lines as compared to healthy controls 1 and 2. HKII mRNA levels were increased in NHL cell lines
compared to breast cancer cells and healthy controls, however expression levels were not significantly
different. HKII mRNA levels were significantly increased in the melanoma (MDA-MB-435) cells when
compared to breast cancer cells (MDA-MB-231) (p = 0.044), healthy control 1 (p = 0.045) and 2 (p = 0.037),
but not significantly increased compared to the NHL cells. Relative expression normalized to 18S,
error bars = SEM and statistical significance calculated using paired Student’s t-test and defined as:
* p < 0.05.

3.5.2. Increased HKII Gene Expression May Be Associated with the MIR143 rs17723799 TT Genotype

q-PCR analysis demonstrated HKII mRNA transcript levels that were were higher in the melanoma
(MDA-MB-435) cells, correlating with the observed homozygous mutant rs17723799 TT genotype in
these cells. HKII mRNA transcript levels were observed to be lower in all four NHL cell lines, and
even lower in the breast cancer (MDA-MB-231) and healthy control cells, which correlated with the
homozygous wild type rs17723799 CC genotype of these cells (Figure 2). A Student’s t-test showed a
significant difference in the relative HKII mRNA expression between melanoma cells and the breast
cancer (p = 0.044), control subject 1 (p = 0.045), and control subject 2 (p = 0.037) cells. Western blot and
band quantitation analysis demonstrated upregulated HKII protein expression in the melanoma cells,
with lower expression being observed in the breast cancer cells and even lower in the four NHL cell
lines examined (Figure 3). Surprisingly, the breast cancer cells expressed low HKII mRNA transcript,
but high protein levels.
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Figure 3. HKII protein detection. Western blot analysis of HKII protein (109kDa) expression in NHL
(SU-DHL-4, Raji, Mino, Toledo), breast cancer (MDA-MB-231) and melanoma (MDA-MB-435) cell
lines compared to healthy control subjects 1 and 2. 30 μg total protein was loaded and samples were
normalised against the Beta-actin (42kDa) loading control. (a) The HKII protein levels were increased
in all four NHL cell lines compared to healthy control subjects 1 and 2, and decreased when compared
to the breast cancer (MDA-MB-231) and melanoma (MDA-MB-435) cells. (b) HKII protein quantitation
analysis compared the normalised intensity ratios between samples and showed the breast cancer
(MDA-MB-231) and melanoma (MDA-MB-435) cells to have increased HKII levels as compared to
NHL cells and healthy control subjects 1 and 2.

4. Discussion

Our study investigated 39 miRSNPs previously implicated in human tumourigenesis that were
identified from the literature, including those not previously reported to have an association with NHL
susceptibility, but rather with disease prognosis, in Caucasians. Following genotyping by multiplex
PCR and MALDI-TOF MS, subsequent genotypic association and haplotype analysis identified three
SNPs on chromosome 5 (rs3433846, rs17723799, and rs41291957) in MIR143 in moderately high LD,
which together appear to confer protection against NHL in our GRC-GLP cohort. In particular, the
rs17723799 SNP in the promoter region of MIR143 remained significant at the p < 0.05 threshold
after Bonferroni correction for multiple testing. We also provided evidence for replication in a large
European NHL GWAS meta-analysis study.

One study identified the rs11614913 SNP (T > C) in hsa-miR-169-a2 (miR-196-a2) to be associated
with NHL in a Chinese case-control cohort, where the presence of the risk C allele and CC genotype
was shown to be more frequent in the case samples, conferring an increased risk (OR [95% CI] = 1.82
[1.16–2.85], p = 0.009) [36]. The authors confirmed that the variant genotype affected the expression of
miR-196-a2, where the carriers of the CC genotype had significantly higher levels than those with only
one C allele or the TT genotype. Interestingly, this SNP was also shown to increase risk of hepatocellular
carcinoma in a Chinese cohort of 109 cases and 105 controls [38]; however, no functional analyses were
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performed. The rs11614913 SNP was shown to be associated with decreased central nervous system
(CNS) Acquired Immunodeficiency Syndrome (AIDS)-NHL in an American case-control cohort of
180 cases and 529 controls, where the CT genotype was more frequently observed in control samples
and conferred protection (OR [95% CI] = 0.52 [0.27–0.99]. This study also showed an increased risk of
systemic AIDS-NHL with the presence of the T allele in rs2057482, which creates a binding site for
miR-196-a2 in the HIF1A 3′-UTR (OR [95% CI] = 1.73 [1.12–2.67]) [39]. We were not able to show a
positive significant association for miR-196-a2 rs11614913 in our Australian/European cohort (OR
[95% CI] = 0.93 [0.67–1.29], p = 0.668) (Table 3). This is most likely due to ethnicity differences in our
cohort and the Chinese cohort of Li et al. [36]. Previous studies on this SNP have shown a significant
association with cancer in predominantly Asian populations, but not in Caucasians, which may explain
the lack of association in our cohort [40].

Other studies have shown the association of MIR143/145 SNPs with reduced cancer risk in Chinese
cohorts. Li et al. [41] conducted a case-control analysis of 12 SNPs in the promoter region of MIR143/145
in 242 cases with colorectal cancer (CRC) and 283 healthy controls. In support of our findings in NHL,
the rs3733846 (A > G) mutant genotype A/G was associated with a significantly reduced risk of CRC
(OR [95% CI] = 0.57 [0.44–0.73], p < 0.001). A more recent study by Wu et al. [42] showed a functional
association between the rs353293 SNP (G>A) AG/AA genotypes and a reduced risk of bladder cancer
in 333 Chinese cases when compared to 536 healthy controls (OR [95% CI] = 0.64 [0.46–0.90], p = 0.008).
In their study, in vitro luciferase reporter analysis was used to show a significantly reduced effect of the
protective rs353293A allele as compared with the rs353293G allele on transcriptional activity (p < 0.001).
The promoter transcriptional activity was identified to be reduced due to the polymorphism, which
could also be the case for the rs17723799 SNP that we identified, however this would imply lower
miR-143/145 levels and lower tumour suppressor activity, which appears to be in contradiction with
their genotypic analysis data as well as ours, showing the protective effect of the polymorphism.
The authors were not able to show whether serum miR-143/145 or the target gene expression levels
were altered.

Epigenetic mechanisms, such as miRNAs, have been shown to regulate aerobic glycolysis in cancer
cells through the targeting and down-regulation of glycolytic enzymes [14]. miR-143, an essential
regulator of glycolysis [43], inhibits HKII expression by binding to a conserved recognition motif that
is located in the 3′-UTR of HKII mRNA and has been observed to be inversely correlated with HKII
levels in primary keratinocytes and in head and neck squamous cell carcinoma (HNSCC)-derived cell
lines [44]. miR-143 and miR-155 have both been shown to regulate glycolysis by targeting HKII in
breast cancer, with miR-155 being able to suppress miR-143 production through targeting the C/EBPβ
transcription activator for miR-143 [45]. In addition, the transcriptional regulation of miR-145 was
recently reviewed by Zeinali et al. [46]. The authors discuss miR-145 regulation by DNA-binding
factors, including c-MYC, p53, forkhead transcription factors of the O class 1 and 3 (Fox01 and Fox03),
and miR-143/145 level regulation by RREB1 in other cancers but not in lymphoma.

The significant MIR143 SNP that was identified in this study (rs17723799) has been previously
reported via in-silico analysis to affect aerobic glycolysis. The authors showed that this SNP overlaps
with the transcription factor binding site in the MIR143 promoter region (148783674-148788779, UCSC
Genome Browser) and concluded that this SNP could potentially affect the regulation of miRNA
biogenesis and alter the hsa-miR-143-3p and hsa-miR-143-5p levels, thereby affecting its target genes
that directly or indirectly control glycolysis [14].

Following our genotypic analysis, HKII expression at the mRNA and protein level in NHL
(SU-DHL-4, Raji, Mino, Toledo), breast cancer (MDA-MB-231), and melanoma (MDA-MB-435) cell
lines was assessed to determine the potential functional link between MIR143 regulation by a promoter
polymorphism and HKII target gene expression in these cells, along with lymphocytes from two
healthy control subjects. Our results showed higher HKII mRNA and HKII protein levels in the NHL
cell lines when compared to healthy controls, however the levels were lower in the NHL cell lines
compared to the breast cancer (protein only) and melanoma cell lines. Melanoma cells carrying the
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MIR143 rs17723799 homozygous recessive TT genotype expressed a significantly increased level of
HKII mRNA transcript and HKII protein in comparison to other cancer cells that were carrying the
rs17723799 homozygous wild type CC genotype, indicating that this homozygous polymorphism may
have an effect on the transcriptional regulation of MIR143. Interrogation of the GeneCards Database
identifed 38 promoters and enhancers for the MIR143 gene with numerous transcription factor binding
sites for each, implicating multiple mechanisms of regulation of this gene by multiple transcription
factors in different tissue types. As we do not have access to an appropriate wild type melanoma cell
line control, further studies on MIR143 SNPs in melanoma may be beneficial. Our results also show an
up-regulation of the HKII protein in the metastatic breast cancer (MDA-MB-231) cells, as reported by
Palmieri et al. [24]. Interestingly, Western blot showed HKII levels were higher in the Toledo (DLBCL)
cell line when compared to the other less aggressive NHL cell line subtypes.

Although not in NHL, but as a marker of non-small cell lung cancer (NSCLC), miR-143 expression
in peripheral blood mononuclear cells (lymphocytes and monocytes) was significantly lower in
NSCLC patients than in healthy individuals (p < 0.0001) [47]. Similarly, a study in renal cell
carcinoma (RCC) identified the miR-143/145 cluster to be downregulated in RCC tissues when
compared to adjacent non-cancerous tissues, with significantly higher HKII levels in RCC tissues as
compared to non-cancerous tissues, confirming the tumour suppressive effect of the miR-143/145
cluster through targeting HKII [48]. One study in aggressive Burkitt’s lymphoma (BL) showed that
upregulated miR-143 by the regulation of PI3K/Akt prevented cell growth, implicating miR-143 as
a tumour suppressor in NHL [49]. miR-143 has also been demonstrated to have an anti-tumour
effect in leukaemia patients, where significantly lower miR-143 levels were observed in patients when
compared to healthy controls, and the overexpression of miR-143 decreased DNA methyltransferase 3A
(DNMT3A) mRNA and protein expression, thereby reducing cell proliferation, colony formation, and
cell cycle progression, as well as increased apoptosis [50]. As there is a paucity of literature on MIR143
and miR-143 expression and polymorphisms in NHL and its subtypes, we searched for significant
eQTLs (expression quantitative trait loci) for the three analysed MIR143 SNPs in the GTEx Portal [51].
GTEx analysis indicated increased MIR143 host gene expression in skeletal muscle for heterozygous
and homozygous mutant alleles in all three significant MIR143 SNPs analysed (Figure S1). Although
the relationship between miR-143/145 and its MIR143 host gene is an open issue, the potentially
increased MIR143 host gene expression, as seen due to the polymorphisms in skeletal muscle, may
enhance hsa-miR-143-3p and -5p processing, which poses a potential protective function for these SNPs
in lymphocytes. The presence of the rs17723799 CT or TT genotype may increase MIR143 expression
and miR-143 transcription with the subsequent downregulation of HKII causing reduced glycolysis
and lymphomagenesis. Although we did not measure mature miR-143 levels in the NHL cell lines or
patient samples to correlate this with HKII expression, our genotypic analysis data indicate a possible
protective functional effect of MIR143 SNPs on miR-143 regulation, with a possible inhibitory effect
on HKII expression in controls as compared to NHL cases. Further studies investigating MIR143 and
hsa-miR-143-3p/5p expression levels in different NHL subtypes and their association with HKII levels
are therefore necessary. We have summarised the role of HKII and miR-143 in cancer in Figure 4a and
a potential functional effect of the rs17723799 polymorphism in control cells when compared to NHL
cells in Figure 4b.

A limitation of this study is the lack of expression data for mature hsa-miR-143-3p and
hsa-miR-143-5p in the NHL cell lines or patient samples. We only had access to four NHL cell
lines and we did not have access to RNA or protein from our retrospective patient cohort. Additionally,
we were not able to compare HKII expression in NHL cell lines polymorphic for the rs17723799
SNP, as they were all wild type CC, and therefore further studies investigating miR-143 and HKII
expression in NHL cell lines and/or patient-derived tumour samples with the CT or TT genotypes
would be beneficial.
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Figure 4. The role of HKII and miR-143 in cancer. (a) In a cancer cell, aerobic glycolysis occurs with
an increased uptake of glucose and production of lactate even in the presence of oxygen (in normal
cells glycolysis is anaerobic) and is known as the “Warburg effect”. Upregulation of Hexokinase 2
(HKII) in malignant tumours catalyses the conversion of glucose to glucose-6-phosphate (G-6-P) in
the first step of the glycolysis pathway (1) with high consumption of ATP to ADP (2) to maintain
the high rate of glycolysis required. G-6-P undergoes multiple conversions to pyruvate (3), which
together with high lactate dehydrogenase A (LDH-A) activity in one direction (4) results in lactic acid
production in the cytosol, incorporation of carbon precursors and increased cancer cell proliferation
(5). Oxidation of pyruvate in the mitochondrion is reduced resulting in reduced citrate production
for the citric acid cycle (CAC) (6). HKII bound to the mitochondrial membrane can also enhance
cancer by increasing mitochondrial resistance to cell death signals helping to reduce apoptosis (7).
Downregulation of miR-143 has been shown to directly reduce inhibition of HKII (8) causing increased
glycolysis and tumour proliferation. (b) In a lymphoid cell, we propose that in the presence of the
protective MIR143 SNP rs17723799 genotype CT or TT, there may be increased MIR143 expression and
miR-143 transcription with increased targeting of HKII and reduced glycolysis via the Warburg effect
causing decreased lymphomagenesis. This hypothesis is speculative, and further functional studies are
required. ATP, adenosine triphosphate; ADP, adenosine diphosphate; CAC, citric acid cycle; GLUT,
glucose transporter; LDH-A, lactate dehydrogenase A. (Adapted from Wikimedia [52] and Akins et al.
(2018) [23]) [43].
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5. Conclusions

This study is the first to report significant statistical correlation between SNPs in MIR143 and
reduced risk of NHL in Caucasians, and it is supported by the identification of significant SNPs in
high LD in a large European NHL GWAS meta-analysis study. Our findings suggest that the three
SNPs in LD in MIR143 may be novel useful biomarkers to assess the risk of NHL in a clinical setting.
Furthermore, this study gives some insight into MIR143 transcriptional regulation by a protective
promoter polymorphism in NHL. We do not suggest that there is a definitive functional association
between MIR143 SNPs and NHL onset, however further functional analyses are necessary to confirm
this potential mechanism.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/3/185/s1,
Figure S1: Significant eQTLs for 3 analysed MIR143 SNPs in 491 subjects. (a) rs17723799 (Homo Ref = 386, Het = 98,
Homo Alt = 7), (b) rs3733846 (Homo Ref = 344, Het = 128, Homo Alt = 19) and (c) rs41291957 (Homo Ref = 369, Het
= 114, Homo Alt = 8), showing increased MIR143 host gene expression with heterozygous (Het) and homozygous
alternate (Homo Alt) genotypes in skeletal muscle (GTEx Portal).

Author Contributions: The following authors contributed to this study: Conceptualisation, G.B., L.M.H. and
L.R.G.; methodology, G.B., H.G.S. and L.M.H.; analysis, G.B. and E.M.A.; validation, R.A.L.; writing–original draft
preparation, G.B.; writing–review and editing, G.B, L.M.H., H.G.S. and L.R.G.; supervision, H.G.S., L.M.H. and
L.R.G.; funding acquisition, L.R.G.

Funding: Funding for this study has been generously provided by a Herbert family philanthropic donation,
including PhD scholarship support for G.B. Funding has also been provided by the GRC Genomics Lymphoma
Project (GLP) fund.

Acknowledgments: We would like to acknowledge Miles C. Benton for his technical support in the PLINK and
Haploview analysis. We would also like to acknowledge the healthy control subjects for agreeing to donate their
blood samples for the purposes of our research. We would like to thank the InterLymph Consortium for providing
access to their GWAS summary statistics data for replication.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Skrabek, P.; Turner, D.; Seftel, M. Epidemiology of Non-Hodgkin Lymphoma. Transfus. Apheresis Sci. 2013,
49, 133–138. [CrossRef] [PubMed]

2. Cancer Facts & Figures 2018. Available online: https://www.cancer.org/ (accessed on 15 November 2018).
3. Lymphoma Coalition Europe. Available online: https://www.lymphomacoalition.org/europe (accessed on

15 November 2018).
4. Australian Institute of Health and Welfare 2017. Cancer in Australia 2017 Cancer Series No. 101. Cat. No.

CAN 100. Canberra: AIHW. Available online: www.aihw.gov.au (accessed on 23 September 2018).
5. Yadav, C.; Ahmad, A.; D’Souza, B.; Agarwal, A.; Nandini, M.; Ashok Prabhu, K.; D’Souza, V. Serum Lactate

Dehydrogenase in Non-Hodgkin’s Lymphoma: A Prognostic Indicator. Indian J. Clin. Biochem. 2016, 31,
240–242. [CrossRef] [PubMed]

6. Roehle, A.; Hoefig, K.P.; Repsilber, D.; Thorns, C.; Ziepert, M.; Wesche, K.O.; Thiere, M.; Loeffler, M.;
Klapper, W.; Pfreundschuh, M.; et al. MicroRNA signatures characterize diffuse large B-cell lymphomas and
follicular lymphomas. Br. J. Haematol. 2008, 142, 732–744. [CrossRef] [PubMed]

7. Lawrie, C.H.; Chi, J.; Taylor, S.; Tramonti, D.; Ballabio, E.; Palazzo, S.; Saunders, N.J.; Pezzella, F.;
Boultwood, J.; Wainscoat, J.S.; et al. Expression of microRNAs in diffuse large B cell lymphoma is associated
with immunophenotype, survival and transformation from follicular lymphoma. J. Cell. Mol. Med. 2003, 13,
1248–1260. [CrossRef] [PubMed]

8. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
9. Shukla, G.C.; Singh, J.; Barik, S. MicroRNAs: Processing, Maturation, Target Recognition and Regulatory

Functions. Mol. Cell. Pharmacol. 2011, 3, 83–92. [PubMed]
10. Salzman, D.W.; Weidhaas, J.B. SNPing cancer in the bud: MicroRNA and microRNA-target site

polymorphisms as diagnostic and prognostic biomarkers in cancer. Pharmacol. Ther. 2013, 137, 55–63.
[CrossRef] [PubMed]

140



Genes 2019, 10, 185

11. Cullen, B.R. Transcription and Processing of Human microRNA Precursors. Mol. Cell 2004, 16, 861–865.
[CrossRef] [PubMed]

12. Treiber, T.; Treiber, N.; Meister, G. Regulation of microRNA biogenesis and function. Thromb. Haemost. 2012,
107, 605. [CrossRef] [PubMed]

13. Vannini, I.; Fanini, F.; Fabbri, M. Emerging roles of microRNAs in cancer. Curr. Opin. Genet. Dev. 2018, 48,
128–133. [CrossRef] [PubMed]

14. Suresh, P.S.; Venkatesh, T.; Tsutsumi, R. In silico analysis of polymorphisms in microRNAs that target genes
affecting aerobic glycolysis. Ann. Transl. Med. 2016, 4, 69. [CrossRef] [PubMed]

15. Yue, M.; Zhou, D.; Zhi, H.; Wang, P.; Zhang, Y.; Gao, Y.; Guo, M.; Li, X.; Wang, Y.; Zhang, Y.; et al. MSDD: A
manually curated database of experimentally supported associations among miRNAs, SNPs and human
diseases. Nucleic Acids Res. 2018, 46, D181–D185. [CrossRef] [PubMed]

16. Gong, J.; Tong, Y.; Zhang, H.-M.; Wang, K.; Hu, T.; Shan, G.; Sun, J.; Guo, A.-Y. Genome-wide identification
of SNPs in microRNA genes and the SNP effects on microRNA target binding and biogenesis. Hum. Mutat.
2012, 33, 254–263. [CrossRef] [PubMed]

17. Zheng, B.; Xi, Z.; Liu, R.; Yin, W.; Sui, Z.; Ren, B.; Miller, H.; Gong, Q.; Liu, C. The Function of MicroRNAs in
B-Cell Development, Lymphoma, and Their Potential in Clinical Practice. Front. Immunol. 2018, 9. [CrossRef]
[PubMed]

18. Dzikiewicz-Krawczyk, A. MicroRNA polymorphisms as markers of risk, prognosis and treatment response
in hematological malignancies. Crit. Rev. Oncol. Hematol. 2015, 93, 1–17. [CrossRef] [PubMed]

19. Bradshaw, G.; Sutherland, H.; Haupt, L.; Griffiths, L. Dysregulated MicroRNA Expression Profiles and
Potential Cellular, Circulating and Polymorphic Biomarkers in Non-Hodgkin Lymphoma. Genes 2016, 7, 130.
[CrossRef] [PubMed]

20. Vaitheesvaran, B.; Xu, J.; Yee, J.; Q.-Y., L.; Go, V.L.; Xiao, G.G.; Lee, W.N. The Warburg effect: A balance of
flux analysis. Metab. Off. J. Metab. Soc. 2015, 11, 787–796. [CrossRef] [PubMed]

21. Wolf, A.; Agnihotri, S.; Micallef, J.; Mukherjee, J.; Sabha, N.; Cairns, R.; Hawkins, C.; Guha, A. Hexokinase
2 is a key mediator of aerobic glycolysis and promotes tumor growth in human glioblastoma multiforme.
J. Exp. Med. 2011, 208, 313–326. [CrossRef] [PubMed]

22. Gu, J.J.; Singh, A.; Xue, K.; Mavis, C.; Barth, M.; Yanamadala, V.; Lenz, P.; Grau, M.; Lenz, G.; Czucman, M.S.;
et al. Up-regulation of hexokinase II contributes to rituximab-chemotherapy resistance and is a clinically
relevant target for therapeutic development. Oncotarget 2017, 4020–4033. [CrossRef]

23. Akins, N.S.; Nielson, T.C.; Le, H.V. Inhibition of Glycolysis and Glutaminolysis: An Emerging Drug Discovery
Approach to Combat Cancer. Curr. Top. Med. Chem. 2018, 18, 494–504. [CrossRef] [PubMed]

24. Palmieri, D.; Fitzgerald, D.; Shreeve, S.M.; Hua, E.; Bronder, J.L.; Weil, R.J.; Davis, S.; Stark, A.M.; Merino, M.J.;
Kurek, R.; et al. Analyses of resected human brain metastases of breast cancer reveal the association between
up-regulation of hexokinase 2 and poor prognosis. Mol. Cancer Res. 2009, 7, 1438–1445. [CrossRef] [PubMed]

25. Ros, S.; Schulze, A. Glycolysis Back in the Limelight: Systemic Targeting of HK2 Blocks Tumor Growth.
Cancer Discov. 2013, 3, 1105. [CrossRef] [PubMed]

26. Mushtaq, M.; Darekar, S.; Klein, G.; Kashuba, E. Different Mechanisms of Regulation of the Warburg Effect
in Lymphoblastoid and Burkitt Lymphoma Cells. PLoS ONE 2015, 10, e0136142. [CrossRef] [PubMed]

27. Bhalla, K.; Jaber, S.; Nahid, M.; Underwood, K.; Beheshti, A.; Landon, A.; Bhandary, B.; Bastian, P.;
Evens, A.M.; Haley, J.; et al. Role of hypoxia in Diffuse Large B-cell Lymphoma: Metabolic repression
and selective translation of HK2 facilitates development of DLBCL. Sci. Rep. 2018, 8, 744. [CrossRef]
[PubMed]

28. Kwiatkowska, E.; Wojtala, M.; Gajewska, A.; Soszyński, M.; Bartosz, G.; Sadowska-Bartosz, I. Effect of
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