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Abstract
Important progress has been made in improving short term outcomes in solid organ
transplantation. However, long-term outcomes have not improved during the last decades. There is
a critical need for biomarkers of donor quality, early diagnosis of graft injury and treatment
response. MicroRNAs (miRNAs) are a class of small single stranded noncoding RNAs that
function through translational repression of specific target mRNAs. MiRNA expression has been
associated with different diseases and physiological conditions. Moreover, miRNAs have been
detected in different biological fluids and these circulating miRNAs can distinguish diseased
individuals from healthy controls. The noninvasive nature of circulating miRNA detection, their
disease specificity, and the availability of accurate techniques for detecting and monitoring these
molecules has encouraged a pursuit of miRNA biomarker research and the evaluation of specific
applications in the transplant field. miRNA expression might develop as excellent biomarkers of
allograft injury and function. In this minireview, we summarize the main accomplishments of
recently published reports focused on the identification of miRNAs as biomarkers in organ
quality, ischemia-reperfusion injury, acute rejection, tolerance and chronic allograft dysfunction
emphasizing their mechanistic and clinical potential applications and describing their
methodological limitations.
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Introduction
Critical advances have been made in the transplant field during the last decades. Most of this
progress relates to short term outcomes as consequence of improved surgical techniques and
the use of new and more powerful immunosuppressive therapies (1). Unfortunately, the
progress achieved in short term outcomes does not translate to long term outcomes. This
may be partially consequence of the lack of a robust gold standard to monitor graft function
(1,2). Appropriate immunosuppression represents a challenging situation, including a
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delicate balance between rejection rates and chronic allograft dysfunction as well as
immunological and non-immunological side effects (3, 4).

Allograft biopsy represents the gold standard for diagnosis of conditions like acute rejection
(AR), disease recurrence and drug toxicity (5–8). However, allograft biopsy often relies on
“subjective” measures, with high variability in results and reporting methods among
pathologists or limited diagnostic accuracy associated with sampling error (5–8). Also, the
lack of success in the implementation of biomarkers in clinical transplantation might be
related to the absence of well-defined end-points, short follow-up times, and underpowered
studies. In a recent publication evaluating current clinical endpoints in kidney
transplantation, including the limitations of several ongoing studies and clinical trials,
Schold et al. (9) concluded that the use of specific endpoints should lead to an improved
discrimination and identification of important risk factors, an increased understanding of
disease processes and an enhanced prospective application of research findings to clinical
care.

There is a critical need for biomarkers for early diagnosis, treatment response, and outcome
prediction in organ transplantation, with the final goal of predicting the individual’s risk of
allograft injury, leading to an individualized treatment. Advances in understanding the
molecular basis of disease using genomics and proteomics technologies have provided new
opportunities to develop genomic-based tools to diagnose, predict disease onset or
recurrence, tailor treatment options, and assess treatment response(9–12). However, there is
still no routine application of any of these markers in clinical transplantation.

Recently, microRNAs (miRNAs) have emerged as promising disease biomarkers. MiRNAs
are a class of post-transcriptional regulators. They are short ~22 nucleotide (nt) RNA
sequences that bind to complementary sequences in the 3′ UTR of multiple target messenger
RNAs (mRNAs), usually resulting in their silencing. MiRNAs target ~60% of all transcribed
genes, are abundantly present in all human cells and are able to repress hundreds of targets
each (13–16). The discovery and characterization of miRNAs in the last decade is changing
the understanding of gene regulation, cell differentiation, proliferation, apoptosis,
metabolism and pathophysiology of many diseases. As result of their critical cellular roles,
miRNA expression patterns are affected in many diseases (17, 18).

In this review, we focused on the evaluation of miRNAs as potential biomarkers in solid
organ transplantation including a discussion of the most recent publications in the field and
their expected impact in the clinical setting, in the upcoming years.

MiRNA Biogenesis
MiRNA genes are encoded within the genome, suggesting that their transcription might be
coordinated with the transcription of other genes including the protein-coding genes that
serve either as a source of miRNAs or as their targets. MiRNA biogenesis and mechanisms
of action have been characterized in amazing detail (13–16, 18). Independently of the
genomic location (approximately 10% of known miRNA genes are located within exons),
generation of mature miRNAs occurs following a highly conserved mechanism that involves
the processing of the primary miRNA transcript in the nucleus, to the mature product in the
cell cytosol (19, 20). The primary miRNA transcripts (pri-miRNAs) present themselves to
the processing machinery not merely as specific sequences but rather as particularly shaped
structures. Primary miRNA transcripts are processed into approximately 70 nt stem–loop
precursors (pre-miRNAs) by the Drosha–DGCR8 microprocessor complex and, after
nuclear export, are cleaved into approximately 22 nt duplexes by the Dicer enzyme. One
strand of the duplex is incorporated into a RNA-induced silencing complex (RISC) and
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guides the complex to its cognate mRNAs. When miRNA–mRNA duplexes are near perfect,
the target is cleaved by the RISC component called argonaute (Figure 1). MiRNA-guided
regulation of gene expression has been implicated in almost every cellular pathway. In
addition, each cell type expresses a specific subset of miRNAs to ensure that cell type
specific mRNA profiles are established and maintained (13–16).

MiRNAs and their potential as biomarkers
MiRNAs (often found in association with exosomes) are present in a stable form and can be
found expressed in serum, plasma, urine, saliva, and other body fluids. Moreover, the unique
expression patterns of these circulating miRNAs have been correlated with certain human
diseases, including various types of cancer and represent potentially informative biomarkers
(19–20).

Technical advances have permitted the accurate detection of miRNAs in different biological
fluids. Table 1 describes the advantages and disadvantages of measuring miRNAs in
different sample types. Currently, various applications are available to determine the
abundance of miRNAs. The expression profiles of many different miRNAs in parallel can
be measured by microarray analysis or deep sequencing, whereas Northern blotting, real-
time RT-PCR, and in situ hybridization (ISH) can be used to determine the level of
individual miRNAs(13). Deep sequencing uses massively parallel sequencing, generating
millions of small RNA sequence reads from a given sample. Deep sequencing measures
absolute abundance and allows for the discovery of novel miRNAs that have eluded
previous cloning and standard sequencing efforts.

Selection of the more appropriate method for evaluation of miRNAs as biomarkers mainly
relies on the specific characteristics and needs of the system to be evaluated. All the
available methods have advantages and limitations (13, 21). Specifically, multiplex
polymerase chain reaction and microarrays have been developed for profiling levels of
known miRNAs. These methods are not able to identify novel miRNAs. However, RT-
QPCR methods have the advantage of determine expression at a wide dynamic range. There
are several commercially available assays for mature miRNAs; however, their high cost may
discourage researchers from this profiling technique. Deep sequencing methods are
providing suitable platforms for genome wide transcriptome analysis and have the ability to
identify novel transcripts. However, these methods are time consuming, and non-cost
effective. Perhaps the most challenging aspect of deep sequencing is the bioinformatics
analysis required to select the small RNA sequences that are actually miRNAs versus other
small RNAs (13, 21). A number of bioinformatics tools and expertise are now available to
perform these analyses (21). Overall, applying multiple methods in parallel will increase the
likelihood of proper reflection of the presence or regulation of a miRNA.

MiRNAs as free nucleic acids, thought to derive from cell turnover, are shaded into blood
and urine. As a result, miRNAs have emerged rapidly as a major new area of biomedical
research with relevance in different fields including transplantation (Figure 2). MiRNA
expression has been shown to differ among organs as well as between different organ
regions (14).

Evaluating miRNAs as new biomarkers
A number of developmental objectives must be accomplished before any biomarker,
including miRNAs, can be considered useful for the clinical setting. For achieving these
objectives, there are specific considerations that need to be included as part of the study
design. The more critical aspects are appropriate sample size to assure powered results,
study design including testing of the candidate markers in an independent set of samples/
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patients, and evaluation by an independent laboratory to demonstrate the robustness of the
assay among different groups. Discovery and validation of miRNAs as disease biomarkers,
as most biomarker studies, are usually better fitted as a training-validation study design.
Specifically, a training set represents the sample populations included in a well-defined
cross-sectional, retrospective, or prospective study to identify differential variables
statistically significant between or among well-selected study groups using a determined
technology and or algorithm. Meanwhile, the validation set embodies a sample population
with similar characteristics from the initial training set assigned to corroborate the statistical
significance of those previous identified differential variables.

Another critical aspect of miRNA analysis is that miRNAs do not function through a single
gene target. The combined regulation of many different genes determines the functionality
of a miRNA. Studying miRNAs include the evaluation of mRNA target identification and
functional studies for evaluation of regulatory mechanisms. Initial insight into miRNA
targets can be obtained using bioinformatics tools through a number of freely available
programs that predict potential mRNA targets for individual miRNAs (Figure 3). These
programs only predict putative targets. As consequence, it is important to confirm these
predictions using miRNA target validation techniques. There are multiple strategies already
described and available for miRNA target validation with most commonly used being
cloning the 3′ UTR of a predicted mRNA target into a luciferase reporter (22).

For evaluating regulatory mechanisms, the more appropriate way to study the functional
relevance of a miRNA is by examining phenotypic changes in culture or within an organism
in response to regulation of a miRNA. Recently, several strategies for gain- and loss-of-
function studies for specific miRNAs both in vitro and in vivo have been developed (22).

Profiling miRNAs as markers of organ donor quality/ischemia reperfusion
injury

The critical importance of donor organ quality in determining short and long-term graft
function is becoming increasingly clear. More efficient and accurate tools to determine
deceased-donor kidney quality could help optimize allograft management and decrease the
risk of discarding viable organs, as well as, of avoiding the transplantation of poor quality
organs.

A recent study showed that miRNAs retrieved from preservation solution are more
predictive of graft quality than the evaluation of the same miRNA expression in liver tissue
(23). As part of the study, perfusate flushes of 29 heart beating and 10 non-heart beating
liver grafts were collected at the end of the cold ischemia time. Cell-free solutions were
analyzed for the presence of hepatocyte abundant miRNAs (miR-30e and miR-296) and
cholangiocyte-abundant miRNAs (miR-30e and miR-148a) by RT-QPCR. Levels of
miRNAs in the perfusates were compared to levels of the same miRNAs in liver biopsies
retrieved at same time. Perfusates of liver grafts showed that miRNAs were differentially
released during liver transplantation depending on the donor type (heart beating versus non-
heart beating). Furthermore, miRNAexpression was positively correlated with a longer cold
ischemia time and increased serum GT in serum post -transplantation. In this initial pilot
study, the authors propose to measure miRNA levels as a non-invasive method to asses graft
quality in liver transplantation. Due to organ shortage, non-heart beating grafts are
increasingly used for liver transplantation. As a consequence, these interesting initial
findings might have critical impact in organ utilization. Nevertheless, further validation in
larger sample sets as well as longer follow-up studies to validate the utility of these
biomarkers in the evaluation of organ quality at pre-implantation is required.
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To examine the possibility that changes in miRNA expression could be used as a biomarker
for ischemia reperfusion injury (IRI), Shapiro et al.(24) evaluated changes in miRNA
expression in C57BL/6 mice on days 1, 3, 5, 7, 14, 21 and 30 after warm ischemia (IRI) or
sham surgery. The results showed that IRI leads to lymphocyte independent alterations in
miRNA expression profiles, showing that changes in miRNA expression could be used as a
biomarker of renal injury resulting from ischemia and subsequent reperfusion. The same
authors previously reported that miR-21, miR-20a, miR-146a, miR-199a-3p, miR-214,
miR-192, miR-187, miR-805 and miR-194 were differentially expressed in C57BL/6 mice
undergoing IRI compared to the expression observed in mice undergoing a sham procedure
(25). Even when the study did not evaluate how alterations in the differentially expressed
miRNAs are functionally involved in the kidney’s response to the injury; the authors suggest
that the observed miRNA expression profile observed after renal IRI reflects a survival
response.

To investigate changes in intrahepatic miRNA expression in response to IRI, Faird et al.
(26) analyzed 45 biopsy samples from liver grafts one hour after reperfusion. Liver graft
tissue biopsy samples (n = 45) were analyzed for hepatocyte-abundant miRNAs (miR-122,
miR-148a, and miR-194) using RT-QPCR. The levels of miR-122 and miR-148a (but not
miR-194) showed a significant inverse correlation with the length of the warm ischemia
time in the studied liver graft biopsy samples. However, the authors did not find a significant
correlation between the miRNA levels and cold ischemia time, concluding that graft injury
associated with longer warm ischemia times reduced the levels of specific hepatocyte-
abundant miRNAs.

The promise of using antimiRs(miRNA inhibitors) to pharmacologically manipulate
miRNAs in vivo anticipates interesting therapeutics opportunities for the near future.
However, the biological understanding of how miRNAs alter gene expression in ischemic
tissues remains incomplete, and additional mechanistic studies to identify miRNA targets
that could be used to treat ischemia and reperfusion will be essential to benefit from taking
advantage of such pharmacological approaches.

MiRNA profiling associated with acute rejection in transplant patients
The introduction of powerful immunosuppressant therapies in the past three decades reduced
the incidence of AR in transplant recipients. However, the lack of noninvasive biomarkers of
rejection precludes an optimization of antirejection therapy. The use of protocol biopsies has
provided insights into the pathogenesis of many renal allograft diseases (3–7). Nevertheless,
the histological evaluation of biopsies remains subjective, associated with some degree of
variability depending on the pathologist evaluating the tissue sample as was previously
mentioned and described (3–7). Moreover, despite the minimal risk involved in obtaining a
renal allograft biopsy, it stills an invasive procedure.

Studies to identify noninvasive biomarkers of rejection and its underlying molecular events
have increased significantly during the last years (10, 11), but new accurate markers are still
lacking. Accumulating evidence underlines a critical function for miRNAs in the modulation
of innate and adaptive immune responses (27–29).

Sui et al(30) described the first comparison between miRNA expression profiles of AR and
the controls. Through microarray analysis and RT-QPCR confirmation, the authors
identified 20 miRNAs differently expressed in AR after renal transplantation (8 up-regulated
and 12 down-regulated). Their data indicated that miRNAs are potentially involved in the
pathogenesis of AR. However, the sample size was an important limitation of this initial
study (a total of 6 patients (3 AR and 6 normal)), mainly because of the fact that samples
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were pooled together (all RNAs from each sample group were merged). Recently,
Anglicheau et al(31) identified several miRNAs predictive of AR of human renal allografts.
The authors used a 2-step approach to develop miRNA signatures predictive of AR. First,
they evaluated intragraft expression patterns of 365 mature human miRNAs in 7 human
renal allograft biopsies classified as AR or normal. In the second step, modified TaqMan
miRNA assays was used to determine absolute copy numbers of miRNAs in 26 additional
renal allograft biopsies. Intragraft levels of miR-142–5p, -155, -223, -10b, -30a-3p, and
let-7c were proposed as having diagnostic value for AR, with miR-142–5p, miR-155, and
miR-223 each predicting AR with >90% sensitivity and specificity. Up-regulated
miR-142-5p, -155, and miR-223 were strongly linked to intragraft levels of CD3 and CD20
mRNA, suggesting the altered expression of miRNAs in AR biopsies might be due to graft-
infiltrating immune cells.

This study’s relevance mainly relates on being the first attempt to discover miRNA
signatures associated with AR including an appropriate study design, with a group of
patients used as training set and a second set of independent samples for validation. Also,
some target validation analyses were performed and correlations among miRNA and
predicted target mRNA were identified. However, the limited sample size and the cross-
sectional study design were some limitations of the study.

In a recent study, Asaoka et al. (32) evaluated the expression of 384 mature miRNAs during
intestinal acute cellular rejection in a total of 79 cases of intestinal mucosal biopsy
specimens from 52 recipients. Also, the expression of 280 miRNAs associated with immune,
inflammation and apoptosis processes were evaluated and correlated with the miRNA
signatures. From the analysis of the data, 28 miRNAs and 58 mRNAs were identified as
differentially expressed providing a potential miRNA signature associated with intestinal
acute cellular rejection. Intragraft expression levels of miR-142-3p, miR-132, miR-886-3p,
miR-16, miR-19a, miR-194 and miR-375 were quantified in an independent set of 53
intestinal biopsies. ROC analyses revealed that miR-886-3p had the highest AUC of 0.88,
followed by miR-19a with an AUC of 0.84. A positive correlation between the intragraft
expression levels of three miRNAs (miR-142-3p, miR-886-3p and miR-132) and 17 mRNAs
including CTLA4 and GZMB was found. However, positive Pearson’s correlation between
miRNA and mRNA expression does not offer definitive proof of these molecular
interactions. Overall, the results suggest that miR-142-3p, miR-886-3p and miR-132 could
be closely involved in balancing the allograft’s immune effector and regulatory cell
populations.

Limitations of this study are the sample size and the number of assayed miRNAs. However,
an important additional remark from this study is the use of formalin fixed embedded
paraffin tissue as study samples, showing the stability of miRNAs in archival samples and
the opportunity for evaluating big sets of samples previously collected from unique patients.
Furthermore, the study was very well designed and included (in addition to training and
validation set), miRNA/mRNA study associations as well as co-detection of miRNAs and
protein markers related to miRNAs expression on a specific cell type.

The hypothesis that urinary cell and/or peripheral blood cell miRNA expression profiles are
predictive, diagnostic and/or prognostic biomarkers of allografts is very attractive for non-
invasive biomarker discovery and deserves further evaluation(27). MiRNAs have been
proposed as stable biomarkers in urine samples (29, 33). In a recent study (34), Lorenzen et
al. tested the hypothesis that urinary miRNAs of transplant patients with AR have a
characteristic miRNA signature and moreover, might serve as biomarkers and predictors of
long-term allograft function. The miRNAs were measured in urine of 62 patients with AR,
including 19 patients before the rejection episode and after successful antirejection therapy
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and 19 transplant patients with stable kidney function without the evidence of rejection.
Thirteen stable transplant patients with urinary tract infection served as additional disease
controls. The use of urine samples for miRNA studies in patients with AR was validated
with inclusion of miRNA stability using different sample storage conditions. The initial
global signature was evaluated using pooled samples (N=10) and 21 miRNAs were
identified as significantly differentially expressed. During the independent validation using
RT-QPCR (N=88 samples), miR-210 was identified as the only specific urinary biomarker
of acute cellular rejection. Contrarily to miR-10a and -10b, miRNA-210 discriminated
between stable control transplant patients and other pathologies. Furthermore, the study
included urine samples of 19 patients before or after acute cellular rejection (12 patients
before the occurrence of rejection and 7 patients after successful antirejection therapy).
MiR-210 expression was significantly lower in urine samples of patients with AR compared
to the patients before rejection highlighting the utility of the marker in monitoring response
to the treatment. This study represents the first clinical evaluation of miRNAs in urine
samples from patients with AR. However, the study lacks functional/validation studies to
evaluate the biological significance of the identified biomarkers in the development of AR.

Even when there are still few studies published in the field, the potential of miRNAs as
biomarkers for diagnosis of AR and response to therapy in non-invasive monitoring might
have critical impact in the transplant field in the immediate future.

MiRNA signatures in chronic allograft dysfunction
Chronic allograft dysfunction (CAD) is pleomorphic with a mixed histology and
pathophysiology and differential rates of progression, and should be thought of as a non-
specific end-pathway of tubulointerstitial, microvascular and glomerular damage resulting
from a variety of insults to the transplanted kidney, reflecting a limited repertoire of tissue
response (35). It seems likely that transition of epithelial cells to mesenchymal cells
contributes to tubular atrophy (TA) and interstitial fibrosis (IF), explaining why TA and IF
are so strongly linked (35). Transition of epithelial to mesenchymal cells is recognized as a
substantial contributor to the development of kidney fibrosis (36). Epithelial mesenchymal
transition (EMT) describes a reversible series of events during which epithelial cells
undergo morphological changes and acquire mesenchymal characteristics. Several studies
have now found that EMT is regulated by miRNAs, notably the miR-200 family and
miR-205 (37, 38).

Our group recently published the first miRNA signature associated with CAD (39)in
allograft tissue and paired urine samples. We aimed to evaluate miRNA signatures in CAD
with IF/TA and appraise correlations with paired urine samples and potential utility in the
prospective evaluation of graft function. MiRNA signatures were established between CAD
with IF/TA versus normal allografts using microarrays. Fifty-six miRNAs were identified in
samples with CAD-IF/TA. Five miRNAs were selected for further validation by RT-QPCR
using an independent set of samples and prospective evaluation of urine samples.
Differential expression was detected for miR-142-3p, miR-204, miR-107 and miR-211and
miR-32. Furthermore, differential expression of miR-142-3p, miR-204 and miR-211 was
also observed between patient groups in urine samples. A characteristic miRNA signature
for IF/TA that correlates with paired urine samples was identified. These results support the
potential use of miRNAs as noninvasive markers of CAD with IF/TA and for monitoring
graft function. Prospective evaluation of these markers is ongoing in a larger set of patients
evaluated at multiple time points during 36 months post-transplantation.
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MiRNA patterns in transplant tolerance
Achieving drug-free tolerance or successfully using only small doses of immunosuppression
is a major goal in organ transplantation. The most extreme approach at long-term
immunosuppression minimization is the complete withdrawal of immunosuppressive drugs.
This has been described to be particularly frequent in liver transplantation, where
approximately 20% of selected recipients enrolled in drug withdrawal trials are able to
discontinue all drugs (40). The patients able to maintain stable graft function off
immunosuppressive drugs without clinically significant detrimental immune responses and/
or immune deficits are conventionally termed operationally tolerant (OT).

In a recent study, Danger et al. (41) reported on the modulation of expression of eight
miRNAs in peripheral blood mononuclear cells (PBMCs) from kidney graft recipients with
drug-free OT compared with patients with stable graft function under immunosuppression.
Global miRNA profile in PBMCs from kidney transplant recipients using miRNA Taqman
low-density arrays that target 381 mature human miRNAs was performed. For the training
set, a total of 9 OT patients and 10 patients with stable graft function under
immunosuppression were tested. Eight miRNAs were identified as significantly
differentially expressed between groups (4 were overexpressed (miR-450b-5p, miR142-3p,
miR-876-3p, and miR-106b) and 4 were underexpressed (miR508-3p, miR-148b,
miR-324-5p, and miR-98). The authors focused their analysis on miR142-3p based on the
fact that this miRNA was highly differentially expressed between groups and its already
described association with the hematopoietic lineage and possible role in B cell functions
(41). A significant overexpression of miR-142-3p in the B-lymphocyte subset of OT
compared with patients with stable allograft function was observed. Moreover, this report
showed that the expression of miRNA-142-3p was not modulated by immunosuppressive
treatment in tolerant kidney transplant recipients or when purified B cells from human
healthy volunteers were cultured with cyclosporine A in vitro, indicating that its
overexpression in OT kidney transplant recipients was not just a consequence of the absence
of immunosuppression. Further investigations are still needed to evaluate whether this
overexpression of miR-142-3p in B cells contributes to controlling inflammatory responses
and tolerance maintenance or is only a consequence of the tolerance state.

Future directions and challenges
There are several major challenges in exploring the role of miRNAs in solid organ
transplantation, including among others: 1) there are yet many unanswered questions
regarding miRNA biology; 2) the mechanism of regulation of miRNA production is not
completely clear; 3) while many miRNAs are located within introns of host genes, their
expression does not always correlate perfectly with that of host genes suggesting further,
post-transcriptional, regulation; 5) specific targets for most miRNAs remain unclear and
even when bioinformatics analyses have predicted many thousands of miRNA-target pairs,
only a small proportion of the predictions had been validated experimentally. As
consequence of the cited challenges, the immediate clinical benefits are likely to result from
the identification of miRNAs and/or miRNA signatures that can be used as reliable
biomarkers for diagnosis, prognosis and response to therapy, in both diagnosis and
prediction of allograft disease and function post-transplantation.

As a positive remark, miRNAs have the potential of being reliable biomarkers because they
are tissue specific, stable in different biological fluidics (including archival samples), relate
with clinical conditions, and can be measured using cost-effective technology. In addition,
further discovery of the association between miRNAs and diseases would provide potential
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targets for novel therapy in transplantation. Indeed, strategies have already been developed
to regulate specific miRNA expression both in vitro and vivo (42).

It is expected that the research focused in miRNAs as diagnosis and predictive markers will
increase in the transplant field during the next years with high potential to be successfully
translated into the clinical setting. However, large-scale multi-centered clinical studies are
needed before they can be used in clinical practice. Evaluation of tissue graft and/or
circulating miRNA profiles may accelerate the use of new biomarkers in guiding the
diagnostic, therapeutic, and prognostic strategies that associates with over-
immunosuppression, organ toxicity, and graft rejection or loss.

Acknowledgments
The research results included in this report were supported by a National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK) grant, R01DK080074.

ABBREVIATIONS

AR acute rejection

CAD chronic allograft dysfunction

eGFR estimated glomerular filtration rate

IF interstitial fibrosis

IRI ischemia reperfusion injury

mRNA messanger RNA

miRNA microRNAs

nt nucleotide

RT-QPCR Real-time quantitative-PCR

TA tubular atrophy

References
1. Organ Procurement and Transplantation Network (OPTN) and Scientific Registry of Transplant

Recipients (SRTR). OPTN / SRTR 2010 Annual Data Report. Rockville, MD: Department of
Health and Human Services, Health Resources and Services Administration, Healthcare Systems
Bureau, Division of Transplantation; 2011.

2. Gieser G, Harigaya H, Colangelo PM, Burckart G. Biomarkers in solid organ transplantation. Clin
Pharmacol Ther. 2011; 90:217–220. [PubMed: 21772300]

3. Orlando G. Finding the right time for weaning off immunosuppression in solid organ transplant
recipients. Expert Rev Clin Immunol. 2010; 6:879–892. [PubMed: 20979553]

4. Levitsky J. Operational tolerance: past lessons and future prospects. Liver Transpl. 2011; 17:222–
232. [PubMed: 21384504]

5. Hübscher SG. Transplantation pathology. Semin Liver Dis. 2009; 29(1):74–90. [PubMed:
19235661]

6. Williams WW, Taheri D, Tolkoff-Rubin N, Colvin RB. Clinical role of the renal transplant biopsy.
Nat Rev Nephrol. 2012; 8(2):110–121. [PubMed: 22231130]

7. Serón D, Moreso F. Protocol biopsies in renal transplantation: prognostic value of structural
monitoring. Kidney Int. 2007; 72(6):690–697. [PubMed: 17597702]

8. Kozakowski N, Regele H. Biopsy diagnostics in renal allograft rejection: from histomorphology to
biological function. Transpl Int. 2009; 22(10):945–953. [PubMed: 19413578]

Mas et al. Page 9

Am J Transplant. Author manuscript; available in PMC 2014 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



9. Schold JD, Kaplan B. The elephant in the room: failings of current clinical endpoints in kidney
transplantation. Am J Transplant. 2010; 10(5):1163–6. [PubMed: 20420629]

10. Mas VR, Mueller TF, Archer KJ, Maluf DG. Identifying biomarkers as diagnostic tools in kidney
transplantation. Expert Rev Mol Diagn. 2011; 11(2):183–196. [PubMed: 21405969]

11. Naesens M, Sarwal MM. Molecular diagnostics in transplantation. Nat Rev Nephrol. 2010; 6(10):
614–628. [PubMed: 20736923]

12. Halloran PF. T cell-mediated rejection of kidney transplants: a personal viewpoint. Am J
Transplant. 2010; 10(5):1126–1134. [PubMed: 20346061]

13. Pritchard CC, Cheng HH, Tewari M. MicroRNA profiling: approaches and considerations. Nat
Rev Genet. 2012; 13(5):358–369. [PubMed: 22510765]

14. Mendell JT, Olson EN. MicroRNAs in stress signaling and human disease. Cell. 2012; 148(6):
1172–1187. [PubMed: 22424228]

15. Fleissner F, Goerzig Y, Haverich A, Thum T. Microvesicles as novel biomarkers and therapeutic
targets in transplantation medicine. Am J Transplant. 2012; 12(2):289–297. [PubMed: 22082333]

16. Wang XW, Heegaard NH, Orum H. MicroRNAs in Liver Disease. Gastroenterology. 2012; 142(7):
1431–1443. [PubMed: 22504185]

17. Lund E, Guttinger S, Calado A, Dahlberg JE, Kutay U. Nuclear export of microRNA precursors.
Science. 2004; 303(5654):95–98. [PubMed: 14631048]

18. Lutter D, Marr C, Krumsiek J, Lang EW, Theis FJ. Intronic microRNAs support their host genes
by mediating synergistic and antagonistic regulatory effects. BMC Genomics. 2010; 11:224.
[PubMed: 20370903]

19. Chandrasekaran K, Karolina DS, Sepramaniam S, Armugam A, Wintour EM, Bertram JF, et al.
Role of microRNAs in kidney homeostasis and disease. Kidney Int. 2012; 81:617–27. [PubMed:
22237749]

20. Esteller M. Non-coding RNAs in human disease. Nat Rev Genet. 2011; 12:861–874. [PubMed:
22094949]

21. Buermans HP, Ariyurek Y, van Ommen G, den Dunnen JT, ‘t Hoen PA. New methods for next
generation sequencing based microRNA expression profiling. BMC Genomics. 2010; 11:716.
[PubMed: 21171994]

22. vanRooij E. The art of microRNA research. Circ Res. 2011; J108(2):219.

23. Verhoueven J, Farid RR, de Ruiter EE, de Jonge J, Keekkeboom J, Metselaar HJ, et al.
MicroRNAs in Preservation Solution are more Predictive of Graft Quality than their expression in
liver Tissue. Liver Transplantation. 2012; 18 (S1):S116.

24. Shapiro MD, Bagley J, Latz J, Godwin JG, Ge X, Tullius SG, et al. MicroRNA expression data
reveals a signature of kidney damage following ischemia reperfusion injury. PLoS One. 2011;
6:e23011. [PubMed: 21887224]

25. Godwin JG, Ge X, Stephan K, Jurisch A, Tullius SG, Iacomini J. Identification of a microRNA
signature of renal ischemia reperfusion injury. Proc Natl Acad Sci U S A. 2010; 107:14339–
14344. [PubMed: 20651252]

26. Farid WR, Pan Q, van der Meer AJ, de Ruiter PE, Ramakrishnaiah V, de Jonge J, et al.
Hepatocyte-derived microRNAs as serum biomarkers of hepatic injury and rejection after liver
transplantation. Liver Transpl. 2012; 18:290–297. [PubMed: 21932376]

27. Cravedi P, Heeger PS. Immunologic monitoring in transplantation revisited. Curr Opin Organ
Transplant. 2012; 17:26–32. [PubMed: 22186089]

28. Anglicheau D, Muthukumar T, Suthanthiran M. MicroRNAs: small RNAs with big effects.
Transplantation. 2010; 90:105–112. [PubMed: 20574417]

29. Harris A, Krams SM, Martinez OM. MicroRNAs as immune regulators: implications for
transplantation. Am J Transplant. 2010; 10(4):713–719. [PubMed: 20199506]

30. Sui W, Dai Y, Huang Y, Lan H, Yan Q, Huang H. Microarray analysis of MicroRNA expression in
acute rejection after renal transplantation. Transpl Immunol. 2008; 19(1):81–85. [PubMed:
18346642]

Mas et al. Page 10

Am J Transplant. Author manuscript; available in PMC 2014 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



31. Anglicheau D, Sharma VK, Ding R, Hummel A, Snopkowski C, Dadhania D, et al. MicroRNA
expression profiles predictive of human renal allograft status. Proc Natl Acad Sci U S A. 2009;
106(13):5330–5335. [PubMed: 19289845]

32. Asaoka T, Sotolongo B, Island ER, Tryphonopoulos P, Selvaggi G, Moon J, et al. MicroRNA
signature of intestinal acute cellular rejection in formalin-fixed paraffin-embedded mucosal
biopsies. Am J Transplant. 2012; 12:458–468. [PubMed: 22026534]

33. Li JY, Yong TY, Michael MZ, Gleadle JM. Review: The role of microRNAs in kidney disease.
Nephrology (Carlton). 2010; 15:599–608. [PubMed: 20883280]

34. Lorenzen JM, Volkmann I, Fiedler J, Schmidt M, Scheffner I, Haller H, et al. Urinary miR-210 as
a mediator of acute T-cell mediated rejection in renal allograft recipients. Am J Transplant. 2011;
11:2221–2227. [PubMed: 21812927]

35. Mannon RB. Immune monitoring and biomarkers to predict chronic allograft dysfunction. Kidney
Int Suppl. 2010:S59–65. [PubMed: 21116320]

36. Kalluri R, Neilson EG. Epithelial-mesenchymal transition and its implications for fibrosis. J Clin
Invest. 2003; 112:1776–1784. [PubMed: 14679171]

37. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. The miR-200 family and
miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell Biol.
2008; 10:593–601. [PubMed: 18376396]

38. Korpal M, Lee ES, Hu G, Kang Y. The miR-200 family inhibits epithelial-mesenchymal transition
and cancer cells by targeting the E-cadherin transcriptional repressors ZEB1 and ZEB2. J Biol
Chem. 2008; 283:14910–14914. [PubMed: 18411277]

39. Scian MJ, Maluf DG, David KG, Archer KJ, Suh JL, Wolen AR, et al. MicroRNA profiles in
allograft tissues and paired urines associate with chronic allograft dysfunction with IF/TA. Am J
Transplant. 2011; 11:2110–2122. [PubMed: 21794090]

40. Londoño MC, Danger R, Giral M, Soulillou JP, Sánchez-Fueyo A, Brouard S. A need for
biomarkers of operational tolerance in liver and kidney transplantation. Am J Transplant. 2012;
12:1370–1377. [PubMed: 22486792]

41. Danger R, Pallier A, Giral M, Martínez-Llordella M, Lozano JJ, Degauque N, et al. Upregulation
of miR-142-3p in peripheral blood mononuclear cells of operationally tolerant patients with a renal
transplant. J Am Soc Nephrol. 2012; 23:597–606. [PubMed: 22282590]

42. Shan J, Feng L, Luo L, Wu W, Li C, Li S, Li Y. MicroRNAs: potential biomarker in organ
transplantation. Transpl Immunol. 2011; 24:210–215. [PubMed: 21459143]

Mas et al. Page 11

Am J Transplant. Author manuscript; available in PMC 2014 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Schematic representation of biogenesis of MicroRNAs and mechanism of miRNA gene
regulation in animal cells
Mature functional microRNAs of approximately 22 nucleotides are generated from long
primary microRNA (pri-microRNA) transcripts. First, the pri-microRNAs, are processed in
the nucleus into stem-loop precursors (pre-microRNA) of approximately 70 nucleotides by
the RNase III endonuclease Drosha and its partner Pasha. The pre-microRNAs are then
actively transported into the cytoplasm by exportin 5 and Ran-GTP and further processed
into small RNA duplexes of approximately 22 nucleotides by the Dicer RNase III enzyme
and its partner Loqacious (Loqs). The functional strand of the microRNA duplex is then
loaded into the RNA-induced silencing complex (RISC). Finally, the microRNA guides the
RISC to the cognate messenger RNA (mRNA) target for translational repression or
degradation of mRNA.
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Figure 2. Potential applications of miRNAs as biomarkers in different conditions involved in
graft function in liver transplantation
The liver transplantation model is used in the present Figure to show the most important
applications of miRNAs as biomarkers. The miRNAs included in the Figure are the result of
several publications and have been found to behave as disease-associated markers. This
Figure depicts the many opportunities for evaluating these markers (e.g., conditions like AR
(with or without HCV) have not yet been evaluated). Moreover, most of these results lack
mechanistic studies exploring the role of the miRNAs in the disease.
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Figure 3. Combining mRNA and miRNA expression profiles for an accurate target prediction
It is now well established that the formation of a double-stranded RNA duplex through the
binding of miRNA to mRNA in the RNA-induced silencing complex (RISC) triggers either
the degradation of the mRNA transcript or the inhibition of protein translation. However,
experimental identification of miRNA targets is not a straightforward process, and in the last
few years, many computational methods and algorithms have been developed to predict
miRNA targets. The first step in the prediction procedure requires the identification of
potential miRNA binding sites in the mRNA 3′UTR according to specific base-pairing rules.
The second step involves the implementation of cross-species conservation requirements.
Among the most popular prediction algorithms, PicTar, TargetScan, PITA, MIRNA.org and
miRanda are frequently used. Each algorithm has a define rate of both false positive and
false negative predictions. It is currently accepted that more than one algorithm should be
used to make reliable predictions about a particular miRNA:mRNA interaction. The Figure
shows two examples of conditions affecting kidney allografts (CAD and AR). MicroRNAs
were used from two published articles to predict mRNA targets (References 38 and 30,
respectively). For each of these conditions, initially three different algorithms we used for
the initial miRNA analysis (three-way Venn diagrams)(A) and then, for a more restricted
secondary analysis, four algorithms were used (four-way Venn diagrams)(B).
Conventionally, common elements found on the intersection of these Venn diagrams are
selected for further validation and mechanistic studies.
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Table 1

Advantages and disadvantages of sample type used as a source of miRNAs for biomarker validation

Sample type Advantages Disadvantages

Allograft tissue • direct representation of profiles associated with
the disease

• techniques for miRNA isolation better optimized

• more standardized endogenous controls

• formalin embedded fixed tissues can also be
tested

• invasive strategy

• heterogeneity in tissue samples

• genetic and environmental variations

• variability in experimental techniques

Plasma • non-invasive strategy

• the wide range of sources of circulating miRNAs
makes it possible for circulating miRNAs to
reflect every aspect of human physiological status
and therefore, provides an advantage for them to
serve as better biomarkers than other circulating
molecules, such as DNAs and RNAs.

• allow for diagnosis and prediction

• useful for continuous monitoring disease
progression as well as response to treatment

• standardization of assays for miRNAs and
endogenous controls,

• validation of normal ranges of expression of
miRNAs in larger diverse groups,

• understanding of the mechanisms by which
miRNAs are released into the plasma

Urine • non-invasive strategy

• allow for diagnosis and prediction

• useful for continuous monitoring disease
diagnosis/progression as well as response to
treatment

• not clear yet the benefit between the use of
urine pellets versus exosomes

• tissue specificity of the markers proper RNA
stabilizer in the clinical sample

• timing between collection and sample
processing is critical and need to be
standarized

Peripheral blood
mononuclear
cells

• non-invasive strategy

• allow for diagnosis and prediction

• useful for monitoring disease progression as well
as response to treatment

• heterogeneity of the sample

• fluctuation depending on collection time

• specificity of the markers

• dependence on cell account
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