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Introduction

Small RNAs are <200 nucleotide in length and usually do not translate into a protein. A
major function of small RNAs is gene silencing. There are three families of small RNAs that
regulate gene expression in animals; micro RNAs (miRNAs), small interfering RNAs
(siRNAs), and piwi-interacting RNAs (piRNAs). miRNAs are single-stranded RNAs, ~20—
22 nucleotides in length, and play a pivotal role in the regulation of protein-coding genes.
siRNAs are ~21 nucleotides long and mediate post-transcriptional suppression of transcripts
and transposons and contribute to antiviral defense. piRNAs are 24-30 nucleotides long and
their main function is to silence transposable elements in germline cells®. The current
miRBase sequence database (released March 2018; http://www.mirbase.org/), a searchable
online repository of published miRNA sequences and associated annotations maintained by
researchers at the University of Manchester, reported 2,654 mature miRNASs in the human
genome. miRNAs influence the development and function of immune cells, modulate innate
and adaptive immune responses, and are emerging as robust biomarkers in transplantation as
well as targets for therapeutic intervention. Herein, we briefly review the biogenesis and
function of the miRNAs and provide an overview of the tools to quantify miRNAs in tissues
and body fluids. We then summarize data regarding miRNA expression patterns in kidney
transplant recipients.
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Nomenclature

Human miRNAs are designated by the suffix ‘hsa’. Mature miRNA is designated as ‘miR’,
while the gene is designated as ‘mir’2. The numbering of genes is sequential (e.g., mir-22
was the next miRNA published after mir-21). Mature sequences that are identical but
originate from distinct precursor sequences and genomic loci are designated with numbered
suffixes (e.g., hsa-miR-121-1 and hsa-miR-121-2). Closely related mature sequences that
are near-identical except for one or two nucleotides are designated by letter suffixes (e.g.,
has-miR-121a and has-miR-121b). When cloning studies identify two miRNAs which
originate from the same predicted precursor, the mature sequence that is less abundant is
designated with a star symbol (e.g., hsa-miR-21*). When there is insufficient data to
determine which mature sequence is the predominant one, the miRNAs are designated based
on their 3’ arm origin (e.g., hsa-miR-142-3p) or 5’ arm origin (hsa-miR-142-5p)2:3. The
first miRNA discovered in humans, let-7, does not follow the naming convention for
historical reasons?.

Biogenesis

Based on their genomic location, miRNA genes can be intergenic or intronic. Intergenic
miRNAs are found in genomic regions that are distinct from known transcription units.
These can be monocistronic with their own promoters or polycistronic, where more than one
miRNA is transcribed as a cluster with a shared promoter. Intronic miRNAs are found in the
introns of annotated genes, both protein-coding and noncoding. They use the same promoter
as their host genes. Rarely, genes encoding miRNASs are located in the exon. miRNAs are
transcribed in the nucleus by RNA polymerase Il. Initially, the transcription results in a ~80
nucleotide long nascent transcript called pri-miR, which is 5’ capped and 3’
polyadenylated*. pri-miR is processed in the nucleus by an RNAse Il1-like enzyme, Drosha,
in concert with DGCR8 (DiGeorge Syndrome Critical Region 8), to a ~65 nucleotide long
nascent transcript termed pre-miR. Exportin 5, a nuclear export factor, exports the pre-miR
into the cytoplasm®, where it is cleaved by another RNAse I11-like enzyme, Dicer, to form
short (~22 nt) ds-RNA duplexes. One of the strands of the duplex is incorporated into the
RNA-induced silencing complex (RISC) and guided to the target mRNAs. The other strand
of the duplex is degraded. Pairing between the mature single stranded miRNA and its target
mRNA takes place in association with the Argonaute family of proteins in the RISCS.

In addition to the canonical biogenesis described above, there are several non-canonical
pathways of miRNA biogenesis: (i) a 7-methylguanosine(m’G)-capped pre-miR can be
generated directly through transcription, bypassing Drosha processing, and exported to
cytoplasm; (ii) a small RNA precursor (mitron) can be generated through mRNA splicing
and debranching, also bypassing the Drosha-mediated processing step, folded into pre-miR
and exported to the cytoplasm; (iii) some small nucleolar RNAs (snoRNAs) can be cleaved
to produce pre-miR; (iv) terminal uridylyl transferase (TUTase)-dependent group Il pri-miR
produces pre-miR with a shorter 3" overhang that undergoes monouridylation in the
cytoplasm for Dicer processing; and (v) a Dicer-independent pathway in which a short pre-
miR is produced by Drosha and is exported directly and loaded to Argonaute protein without
Dicer processing?.
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The core of the RISC is comprised of an Argonaute protein (Ago4 in mammals) and GW182
protein (TNRCBA-C in mammals). The seed sequence of a miRNA, a stretch of 6
nucleotides spanning nucleotide 2—7, determines the mRNA target recognition. Base-pairing
between the miRNA seed sequence and complementary sequence in the 3° UTR or coding
region of the target mRNA is responsible for mRNA degradation or inhibition of
translation’. miRNA bound to target MRNA directs cleavage at the site resulting in mMRNA
degradation. miRNA bound to target mRNA at multiple sites causes translational
repression8. A single miRNA can target multiple protein-coding mRNAs and many miRNAs
can work synergistically or competitively to target a single mRNA. Thus, miRNAs regulate
diverse physiological processes such as cell development, differentiation, proliferation, and
apoptosis, as well as pathological processes such as oncogenesis and immune rejection.

In addition to the intracellular regulatory function, the presence of nuclease-resistant
extracellular miRNAs has been identified in all biological fluids. While spiked-in synthetic
miRNAs are susceptible to quick degradation in the body fluids, extracellular miRNAS resist
such degradation. The extracellular miRNAs are protected from RNase degradation by
packaging them into membrane vesicles including apoptotic bodies, microvesicles, and
exosomes, or by complexing with argonaute protein-positive ribonucleoprotein particles or,
rarely, with high-density lipoproteins. It is not clear whether these secreted miRNAs simply
represent cellular byproducts or participate in cell-to-cell communicationl0,

Quantification

Several inherent characteristics of mature miRNAs makes their detection with high
sensitivity and specificity technically demanding112. For example, mature miRNAs lack 5
cap and 3’ poly A tail, features that would facilitate their selective purification. The small
size of mature miRNAs makes conventional polymerase chain reaction (PCR) assays
difficult because of the inability of primers to bind to such small templates. Moreover,
miRNAs are heterogeneous in their GC content, which results in a relatively large interval of
melting temperatures of nucleic acid duplexes for the population of miRNAs. The target
sequence in the mature miRNA is also present in the pri-miR and pre-miR. Finally, miRNAs
within the same family may differ by a single nucleotide. There are three common methods
for the detection and quantification of specific individual miRNAs in tissues, cells, or fluids
including circulating body fluids: (i) Real time quantitative PCR, (ii) Northern blot, and (iii)
In situ hybridization. There are four common methods for global profiling of miRNAs: (i)
Microarrays, (ii) TagMan™ Low Density Arrays, (iii) nCounter® miRNA expression assay,
and (iv) RNA sequencing.

Real time quantitative PCR:

The stem-loop primer design is the main ingredient that overcomes the challenge of
amplifying ~22 nucleotide miRNAs by PCR (e.g., Megaplex™ miRNA assay, ThermoFisher
Scientific). The stem-loop primer consists of a constant portion that forms a stem-loop and
extends the ~22 nucleotide miRNA to more than ~60 nucleotides to allow for subsequent
traditional PCR assay!3. The stem-loop primer also consists of a variable 6-nucleotide
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extension that is the reverse complement of the last 6 nucleotides on the 3’ end of miRNA of
interest. The stacked bases in the stem-loop design, compared to a linear design, provide
thermal stability and spatial constraint, thereby minimizing errors in primer binding. During
amplification, the miRNA is reverse transcribed using the stem-loop primer. Next, a miRNA
specific forward primer, a universal reverse primer that is specific for the stem-loop portion,
and a labelled probe is used to initiate a typical real-time PCR assay. In addition to the stem-
loop primer design a poly(T) adaptor PCR can also be used for quantifying miRNAs. In this
method, total RNAs, including miRNAs, are extended by a poly(A) tailing reaction using
poly(A) polymerasel®. The miRNA with a poly(A) tail is converted into cDNA and then
PCR-amplified using a miRNA-specific forward primer and a universal poly(T) adaptor
reverse primer (e.g., miScript II™, Qiagen).

Detection of the PCR product is achieved by fluorescent probes-based TagMan™ method or
DNA binding cyanine dye-based SYBR Green method. In the TagMan™ method, an
oligonucleotide probe is constructed containing a reporter fluorescent dye on the 5’end and
a quencher dye on the 3"end. In an intact probe the proximity of the quencher dye greatly
reduces the fluorescence emitted by the reporter dye by fluorescence resonance energy
transfer through space. In the presence of target sequence, the probe anneals downstream
from one of the primer sites and is cleaved by the 5’ nuclease activity of Tag DNA
polymerase as this primer is extended. The cleavage of the probe separates the reporter dye
from the quencher dye, increasing the reporter dye signal, and removes the probe from the
target strand, allowing primer extension to continue to the end of the template strand. In the
SYBR Green method, the dye immediately binds to all double-stranded DNA present in the
sample and to each new copy of double-stranded DNA during PCR amplification. The
increase in fluorescence intensity is proportionate to the amount of PCR product produced.
TagMan™ probes have higher sensitivity and specificity for the target miRNA but must be
designed for each miRNA of interest.

Quantification of the amplified PCR product is achieved by relative quantification
(comparative Ct method) or by absolute quantification (standard curve method)!®. The
quantitative endpoint for real-time PCR is the threshold cycle (Cy), defined as the PCR cycle
at which the fluorescent signal of the reporter dye crosses an arbitrarily placed threshold.
The numerical value of the C is inversely related to the amount of amplicon in the reaction.
In the comparative Ct method, the data is presented as fold change (FC) in expression,
where FC =272ACT To compare a gene of interest in a given sample, FC = 272ACT = [(Cy
gene of interest - C internal control)sample A — (Ct gene of interest - Cy internal
control)sample B)]. The comparative Ct+ method makes several assumptions, including that
the efficiency of the PCR is close to 1 and the PCR efficiency of the target gene is similar to
the internal control genel®. When performing statistical analysis, statistical tests should not

be run on the raw Ct data and standard deviation should always be calculated after 2728 CT,
2-ACT o 2-CT.

In the standard curve method, the absolute quantity is determined using an external
calibration curve and the data is presented relatively compared to a defined unit of interest
(e.g., copies per g of total RNA). We have developed a standard curve method, using a PCR
generated 73-bp mouse Bak amplicon as the standard, for the absolute quantification of
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mRNAs and miRNAs (Figure 1)16-18, To use a single Bak standard curve to quantify all
genes of interest, we ensure that the amplification efficiency of target genes is >90% so that
there is minimal bias due to different amplification efficiencies of target genes and the Bak
amplicon.

In droplet digital PCR™ method (Bio-Rad Laboratories), the sample for PCR is partitioned
into thousands of nanoliter-size samples encapsulated into oil droplets prior to
amplification1®. At the end of the PCR reaction, PCR-positive and PCR-negative droplets
are counted. Each droplet either contains or does not contain the nucleic acid of interest.
Poisson distribution is assumed to estimate the number of molecules in the reaction. Droplet
digital PCR provides absolute quantification based on the principles of sample partitioning
and Poisson statistics, thus overcoming the normalization and calibrator issues. It is
relatively insensitive to potential PCR inhibitors and directly provides the copies of target
per microliter of reaction. Droplet digital PCR is an end-point analysis, and the absolute
quantification relies on the presence or absence of fluorescence in each droplet, rather than
the fluorescence levels during the reaction. These factors offer the advantage of direct and
independent quantification of DNA without standard curves!®, The current droplet digital
PCR™ system (QX100™ and QX200™) is compatible with TagMan™ probes but not with
SYBR Green dye.

Northern blot:

RNA is denatured and separated by urea polyacrylamide gel electrophoresis, transferred to
nylon membrane, fixed, and hybridized with labelled DNA or RNA probes. Target miRNAS
with sequences complementary to the probe are detected. Locked-nucleic acid probes are
widely used as these are stable, specific and have no radioactive contamination (e.g.,
miRCURY LNA™ miRNA detection probes, Qiagen). These are nucleotides in which the
furanose ring of the ribose sugar is chemically locked in a 3-endo (North) conformation,
with an extra methylene bridge connecting the 2" oxygen and 4 carbon, thus increasing its
hybridization properties2?.

In situ hybridization:

Microarrays:

This technology allows for detection of specific nucleic acid sequences in tissue samples at
the cellular level. Because of their increased thermal stability, locked-nucleic acids are used
to generate short nucleotide probes with high melting temperature required for in situ
hybridization. miRNA in situ hybridization is technically challenging and various
modifications for fixation and permeabilization, hybridization, washing, and sequence
amplification and detection are available?!.

Modified oligonucleotide probes antisense to miRNAs are anchored on microscopic glass
slides. miRNAs in a given sample are biotinylated and are captured on the microarray by the
oligonucleotide probes in hybridization. Streptavidin-Phycoerythrin is then used for
detecting the biotinylated miRNA (e.g., GeneChip™ miRNA array, ThermoFisher
Scientific). The hybridized microarray slide is scanned to measure the relative gene
expression of each miRNA captured on the slide. Several technical variants of miRNA
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arrays have been independently developed. These variants differ in oligonucleotide probe
design, probe immobilization chemistry, sample labeling and microarray chip signal-
detection methods?2.

TagMan™ Low Density Arrays:

TagMan™ Low Density Arrays (TLDA, ThermoFisher Scientific) which are based on
TagMan™ stem-loop PCR, are available in three forms: 96-well pates, 384-well
microfluidic cards, and OpenArray® plates. The wells in all three formats are preloaded with
miRNA primers and TagMan™ fluorogenic probes. After the cDNA sample and TagMan™
Master Mix are loaded on to the wells, the plate/card is placed in a thermal cycler for PCR.
miRNA expression level is reported using the comparative Ct (AACt) method. TagMan™
OpenArray® contains 754 human miRNA sequences and enables generation of miRNA
profile of up to 48 samples in a single working day.

nCounter® miRNA expression assay:

The NanoString technology is based on direct molecular barcoding and digital detection of
target molecules using a pair of color-coded probes and requires minimal sample
intervention. The “direct’ refers to the process of counting individual tagged nucleic acids
without any need for amplification and the “digital’ refers to the capacity to use absolute and
specific quantification, independent of relative measures like intensity or amplification
cycles. The miRNAs are ligated with unique oligonucleotide tags. The probe pair consists of
a Reporter Probe, which carries a signal on its 5’ end, and a Capture Probe, which carries
biotin on its 3’ end. During hybridization, probe pairs are used in large excess, such that
each miRNA with oligonucleotide tag finds a probe pair. The hybridization mixture
containing miRNA/probe complexes is allowed to bind to magnetic beads complementary to
sequences on the Capture Probe. After washing, the Capture Probes and miRNA/probe
complexes are eluted off the beads and are hybridized to magnetic beads complementary to
sequences on the Reporter Probe. The purified target/probe complexes are eluted off the
beads and immobilized on the cartridge for data collection. The digital images are processed
and the barcode counts are tabulated.

RNA sequencing:

Next-generation sequencing methods offer several advantages over microarray or PCR
assays, including discovery of novel small RNAs, detection of single nucleotide
polymorphisms, distinguishing of different isoforms, a better signal to noise ratio than
microarrays, and a higher throughput than PCR or Northern blotting. Sequencing also allows
comprehensive quantification of gene expression over a dynamic range (no upper or lower
limit) compared to other techniques?3. The steps involved in sequencing include small RNA
isolation, cDNA library preparation, and sequencing.

In a typical library preparation protocol, adapters are ligated to the RNAs followed by
reverse transcription and PCR amplification?4. Serious biases may be introduced during the
adapter ligation steps due to RNA sequence/structure effects resulting in the preferential
ligation of certain small RNAs with a given adapter sequence2°. An approach to neutralize
this effect and improve the fidelity of sequencing results is randomization of adapter
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sequences close to the ligation junction. Instead of modifying the adapters, bias suppression
has been attempted also through optimizing reaction conditions. In one such approach,
polyethylene glycol, a macromolecular crowding agent known to increase ligation efficiency
and reduce bias is used. Another concern is the formation of adapter dimers. Currently
available library preparation Kits use either strategies to eliminate excess 3" adapter before
5" adapter ligation, including purification steps, or complementary oligonucleotides that
inactivate the 3 adapter. Some protocols use polyadenylation instead of ligation for 3’
adapter addition. Multiple A residues are added to the 3" end using poly(A) polymerase.
Then, a5’ adapter is ligated either directly to the RNA or to the nascent cDNA after reverse
transcription. Certain newer protocols eliminate ligation bias by avoiding adapter ligation
altogether through adding 3" adapter by polyadenylation and 5" adapter by reverse
transcriptase template-switching.

A robust protocol for small RNA sequencing using barcoded 3’ adapters (multiple unique
sequences at the 5” end of the 3’ adapter oligonucleotides), that allows for pooling of
multiple RNA samples, was initially reported a decade ago2426.27. TruSeq (Illumina) small
RNA library preparation, which allows for pooling of multiple RNA samples, is a commonly
used protocol used for small RNA sequencing. After isolation of total RNA from the sample,
synthetic oligonucleotide adapters of known sequence are ligated to the 3" and 5" ends of
the small RNA pool using T4 RNA ligases. The adapters introduce primer-binding sites for
reverse transcription and PCR-amplification. The amplification is performed with two
primers that anneal to the adapter ends. This step selectively enriches RNA fragments with
adapter molecules on both ends. Subsequently, the cDNA construct is purified, and the
library is normalized prior to sequencing. Using unique index adapter sequences, samples
can be multiplexed, with up to 48 libraries combined in a single lane. The index is added at
the amplification step following reverse transcription. Libraries are pooled immediately
before gel purification or after gel purification. Other small RNA library preparation
protocols that are compatible with Illumina sequencing platform include BIOO Scientific
NEXTflex® small RNA sequencing kit (PerkinElmer), NEBNext® small RNA library prep
set (New England BioLabs), SMARTer® smRNA-seq kit (TaKaRa), and CATS small RNA
seq kit (Diagenode)?®. In the Illumina sequencing platform, the library is loaded into a flow
cell with a lawn of surface-bound oligonucleotides complementary to the adapters. The 3’
and 5’ adapters of each cDNA library fragment bind to complementary oligonucleotides
forming a “bridge’ that allows priming and PCR amplification of the cDNA fragment
sandwiched between the two adapters?®. Millions of copies of unique sequence clusters are
produced which serve as single stranded templates for sequencing. Based on the sequence of
the template, fluorescently labeled dNTPs are added to the growing chain. The addition of a
single nucleotide leads to emission of a characteristic fluorescent signal. The wavelength and
intensity of emission identifies the base. The length of the read depends on the number of
sequencing cycles. The reads are sorted based on the index sequence and aligned to a
reference transcript to produce a transcription map with the level of expression of each gene.

MIiRNA Expression Patterns in Kidney Transplant Recipients

Kidney transplantation has evolved from a risky experimental procedure to a treatment of
choice for patients with end-stage kidney disease. However, allograft destructive immune
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response may occur at any time during the life span of the kidney transplant despite the use
of potent immunosuppressive drugs. The mechanistic pathways of rejection, both acute and
chronic, are being resolved. The Banff classification of allograft pathology captures well the
multiple pathways of immune rejection in the kidney allograft2®.

We have proposed a time-line model to illustrate immune rejection of kidney allograft as a
continuum, with initial events identified by molecular perturbations prior to the late
histological changes3?. In this conceptualization, molecular biomarkers serve not only a
diagnostic role but also an anticipatory, treatment response-predictive, and prognostic role.
The hypothesis that early intervention is efficacious is an important rationale for the
development of molecular monitoring strategies. miRNAs play a pivotal role in the
development, maturation, and function of the cells of the innate and adaptive immune
system. As miRNAs are stable and present in high abundance they have emerged as
attractive biomarkers to assess kidney allograft status.

Table 1 is a summary of published studies on miRNA expression patterns observed in human
kidney transplant recipients. Recent reviews have addressed the role of miRNAs in other
solid organ transplants and in hematopoietic cell transplantation31-33, Our first study of
global profiling of mature human miRNAs in kidney allograft recipients with or without
acute rejection (AR) in the allografts used TLDA. Among the 365 mature human miRNAs
analyzed in the training set (4 normal biopsies and 3 AR biopsies), 174+7 miRNAs (48%)
were expressed in the biopsy samples’. Unsupervised hierarchical clustering of miRNA
expression patterns correctly classified the normal allograft biopsies and the AR biopsies
(Figure 2). In a validation set of 26 kidney allograft biopsies (9 AR and 17 normal allograft
biopsies), we validated a subset of differentially expressed miRNAs using targeted PCR
assays. Our analysis involving receiver operating characteristic curve showed that AR can be
predicted accurately using intragraft levels of miR-142-5p or miR-155 (area under the curve
0.99 and 0.98, respectively, P<0.0001). We found a positive association between intragraft
levels of CD3 (T-cell co-receptor) mRNA or CD20 (B cell molecule) mRNA and intragraft
levels of miR-142-5p, miR-155, or miR-223, miRNAs that were overexpressed in AR. We
also found a positive association between intragraft levels of NKCC2 (tubular co-
transporter) mRNA and intragraft levels of miR-10b, miR-30a-3p, or let-7c, miRNAs that
were underexpressed in AR (Figure 3). To address whether the altered expression of
miRNAs in AR biopsies is due to relative proportions of immune cells and kidney
parenchymal cells or due to altered regulation of miRNAs within the cells themselves, we
quantified the abundance of differentially expressed miRNAs in normal human peripheral
blood mononuclear cells (PBMC) and in normal human renal tubular epithelial cells
(HREC). We also investigated whether stimulation of PBMCs or HRECs altered the level of
expression of mMiRNAs. We found that the miRNAs overexpressed in AR biopsies
(miR-142-5p, miR-155, and miR-223) were all expressed at a higher level in normal human
PBMCs compared to miRNAs underexpressed in AR biopsies (miR-30a-3p, miR-10b, or
let-7¢). Stimulation of PBMCs with the mitogen phytohemagglutinin (PHA) resulted in an
increase in the abundance of miR-155 and a decrease in miR-223, let-7c, or miR-142-5p.
Quantification of miRNAs in primary cultures of HRECs showed that miR-30a-3p,
miR-10b, or let-7c are expressed at a higher level in HRECs compared to PBMCs, and that
stimulation of HRECs with cell-free supernatants of PHA-activated PBMCs results in a

Clin Lab Med. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Khan et al.

Page 9

decrease in the abundance of miR-30a-3p. Our in vitro studies suggest the possibility that
the altered expression of mMiRNAs in AR biopsies may be due to the altered regulation of
miRNAs within the infiltrating immune cells and the resident kidney parenchymal cells
themselves?’.

In the first study of human kidney allograft biopsy miRNA sequencing!®, we characterized
the miRNA expression profiles of 3 biopsies with fibrosis and 4 normal allograft biopsies
using barcoded deep-sequencing of a cDNA library prepared from multiplexed RNA by the
method developed by Hafner et al. 26:27. Among the differentially expressed miRNASs, two
sequence families (miR-21 and miR-142-3p) showed expression exceeding 0.1% of total
miRNA, suggesting that they may be causally involved in the fibrotic process!®. Inspection
of kidney miRNA profiles in relation to profiles obtained from kidney cell lines, PBMCs,
and cultured fibroblasts suggested that occurrence of miR-142-3p in fibrosis samples is due
to leukocyte infiltration, whereas miR-21 is likely upregulated in kidney parenchymal cells
(Figure 4). We used an independent cohort of 18 kidney-transplant recipients (10 fibrosis
and 8 normal) to validate, by targeted PCR assay, a subset of differentially expressed
miRNAs identified by global profiling.

Identifying miRNA Targets

There are two ways in which targets of miRNAs are identified; computational methods and
experimental methods. Computational methods rely on the identification of phylogenetically
conserved matches to the miRNA seed sequence3*. Different miRNA-target prediction
algorithms predict targets with different techniques and criteria such as base pairing, target
accessibility, and evolutionary conservation of target site3®. Once targets are predicted the
next step is to infer the miRNA functions. Computational methods to reveal functions of
miRNAs involve annotating the functions of miRNA through functional enrichment analysis
using their target mRNA,; identifying the co-expressed miRNA/MRNA groups, either at the
sequence level or by integrating sequence and expression profiles of miRNAs and mRNAs;
and inferring functional mMiRNA-mRNA regulatory modules, which are regulatory networks
of miRNAs and their target mMRNAs in specific biological processes3°. Experimental
methods are based on immunoprecipitation of the miRNA effector complex, followed by
sequencing-based identification of its interacting RNAs. Crosslinking immunoprecipitation
(CLIP) methods involve ultraviolet irradiation of tissues, organisms, or cells, for covalently
crosslinking miRNA targets to the Argonaute proteins. The crosslinked RNAs are reduced in
size, amplified by PCR and then sequenced for the identification of Argonaute tags that
contain MiRNA binding sites on target mMRNAs. One such method for human cell lines,
photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-
CLIP), is based on the incorporation of photoreactive ribonucleoside analogs into nascent
RNA transcripts by living cells. Irradiation of the cells induces crosslinking of photoreactive
nucleoside-labeled cellular RNAs to interacting RNA-binding proteins. Immunoprecipitation
of RNA-binding proteins of interest is followed by isolation of the crosslinked and
coimmunoprecipitated RNA, which is sequenced 3.

In our miRNA sequencing of kidney allograft biopsies with fibrosis, we focused on miR-21
and searched for possible targets among transcripts that were coimmunoprecipitated with
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Argonaute 1-4 (E/F2CI-4) proteins. We queried a published dataset of mMRNA clusters from
pooled PAR-CLIP experiments on FLAG/HA-tagged Argonaute proteins in human
embryonic kidney HEK293 cells for miR-21 binding sites. We found enrichment for 7-mer
(ATAAGCT) and 8-mer (GATAAGCT) seed-complementary sequences of miR-21, and
identified SMAD?7, as a miR-21 target!8 (Figure 5). SMAD7 has been shown to inhibit the
fibrotic effect of TGFp, a potent fibrogenic cytokine involved in repair following tissue
injury, by blocking SMAD?2 activation. This finding provides further credence to a TGFp-
centric hypothesis in the pathogenesis of chronic nephropathy/rejection (manifested
histologically as interstitial fibrosis and tubular atrophy) of the kidney allograft 3738, In this
hypothesis, which integrates immune and non-immune events in the pathogenesis of
allograft fibrosis, TGFp represents a critical and self-perpetuating event for the progressive
damage to the kidney allograft and attendant decline in graft function37:38,

Conclusion

miRNAs have emerged as robust molecular markers for assessing human kidney allograft
status. In addition, miRNA expression patterns have provided mechanistic insights for
kidney allograft dysfunction and are attractive targets for intervention. However, several
challenges remain before they can be applied for managing kidney transplant recipients.
Similar to the multicenter Clinical Trials in Organ Transplantation 04 that validated urinary
cell mRNA profiles for diagnosing acute rejection of kidney allograft3?, large, well-
designed, multicenter trials are needed to assess the usefulness of miRNAs in clinical organ
transplantation. We are optimistic of the progress thus far and anticipate clinical trials for
testing miRNA-based management strategies in kidney transplant recipients.
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. Cellular and extracellular miRNAs are emerging as robust biomarkers of
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KEY POINTS
. MicroRNAs (miRNAs) are small, non-coding, single stranded RNAs that
regulate protein coding genes.
. Common methods for detecting and quantifying specific individual miRNAs

include: Real time quantitative polymerase chain reaction, Northern blot, and
In Situ hybridization. Common methods for global profiling of miRNAs
include: Microarrays, TagMan™ Low Density Arrays, nCounter® miRNA
expression assay, and RNA sequencing.

allograft status.
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SYNOPSIS

miRNAs, ~20-22 nucleotide single stranded RNA species that play a pivotal role in the
regulation of protein-coding genes, are emerging as robust biomarkers for assessing
allograft status. Herein, we briefly review the biogenesis and function of the miRNAs,
and provide an overview of the tools to quantify miRNAs in tissues and body fluids. We
then review our studies of discovery and validation of alterations in miRNA expression
within kidney allografts with or without acute rejection, as well as with or without
fibrosis, and summarize published data on miRNA expression patterns in kidney
transplant recipients.
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Figure 1. Development of a Bak amplicon based standard curve for absolute quantification of
mRNAs and miRNAs by real time quantitative polymerase chain reaction assay.

A universal standard curve for absolute quantification of mMRNAs and miRNAs by
quantitative polymerase chain reaction assay was developed in our laboratory by
synthesizing and quantifying a customized Bak amplicon template.
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Figure 2: Clustering analysis of miRNA expression differentiate acute rejection biopsies from
normal allograft biopsies of human kidney allografts.

Unsupervised hierarchical clustering (A) and principal component analysis (B) of miRNA
expression in 7 human kidney allograft biopsies (3 AR and 4 normal) examined using
TLDA. Two major clusters accurately divided the AR biopsies from normal allograft
biopsies. Principal component analysis confirmed the separation of AR samples from normal
allograft biopsies (From Anglicheau D, Sharma VK, Ding R, et al. MicroRNA expression
profiles predictive of human renal allograft status. Proc Natl Acad Sci U S A. 2009;106(13):
5331; with permission).
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Figure 3. Positive association between miRNAs and mRNAs in human kidney allograft biopsies.
The relationship between the intragraft levels of mMiRNA and mRNA is shown. A strong

positive association between the levels of CD3 mRNA and the levels of miRNAs
overexpressed in AR biopsies was found: (A) miR-142-5p; (B) miR-155; or (C) miR-223. A
positive association between kidney tubule specific NKCC-2 mRNA and miRNAs
underexpressed in AR biopsies was also observed: (E) miR-30a-3p; (F) miR-10b; or (G)
let-7c. The mean (£SD) C+ values of the endogenous control for mRNAs (18S rRNA) (D)
and for miRNAs (RNU44 small nucleolar RNA) (H) were similar between the groups (From
Anglicheau D, Sharma VK, Ding R, et al. MicroRNA expression profiles predictive of
human renal allograft status. Proc Natl Acad Sci U S A. 2009;106(13):5332; with

permission).
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Figure 4. MicroRNA profiles generated by small RNA sequencing distinguish human kidney
allograft biopsies with fibrosis from normal allograft biopsies.

This Figure depicts the miRNA profiles generated by small RNA sequencing. A,
Hierarchical clustering and heatmap representation of kidney allograft biopsies with fibrosis
(IFTA, Interstitial fibrosis and tubular atrophy) and normal allograft biopsies, human
peripheral blood mononuclear cells (PBMC), HDFa (primary skin fibroblast), HEK293 cells
(human embryonic kidney cells), and HK2 cells (kidney proximal tubule cells) according to
merged miRNA profiles. B, Multidimensional scaling showing separation of IFTA biopsies
from Normal biopsies. C, MA plot showing the differentially expressed miRNA sequence
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families. Colored data points represent P<0.05 (red points signify in addition FDR<0.1)
(From Ben-Dov 1Z, Muthukumar T, Morozov P, et al. MicroRNA sequence profiles of
human kidney allografts with or without tubulointerstitial fibrosis. Transplantation.
2012;94(11):1089; with permission).
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Energy: -8.9E0000 kCal/Mol

Scores for this hit:
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Figure 5. miRNA target identification.
SMAD?7 was identified as an miR-21 target by querying a published Argonaute PARCLIP

Dataset; aligned and scored by the miRanda algorithm (microrna.org). Colored “t”
represents a position found to be crosslinked according to PAR-CLIP T to C transition
signature (From Ben-Dov 1Z, Muthukumar T, Morozov P, et al. MicroRNA sequence
profiles of human kidney allografts with or without tubulointerstitial fibrosis.
Transplantation. 2012;94(11):1086-94; with permission).
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