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Transcriptional perturbations in graft rejection

Matthew Vitalonel, Tara K. Sigdel?, Nathan Salomonis3, Reuben D. Sarwal?, Szu-Chuan
Hsieh?2, and Minnie M. Sarwal®"

1Department of Surgery, Stanford University, Stanford, CA, USA
2Department of Surgery, University of California San Francisco, San Francisco, CA, USA

3Biomedical Informatics, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, USA

Abstract

Background—uUnderstanding the regulatory interplay of relevant microRNAs (miRNAs) and
mMRNAs in the rejecting allograft will result in a better understanding of the molecular
pathophysiology of alloimmune injury.

Methods—167 allograft biopsies, with (n=47) and without (n=120) central histology for Banff
scored acute rejection (AR), were transcriptionally profiled for mMRNA and miRNA by whole
genome microarrays and multiplexed microfluidic QPCR respectively. A customized database was
curated (GO-Elite) and used to identify AR specific dysregulated mRNAs and the role of
perturbations of their relevant miRNAs targets during AR.

Results—AR specific changes in 1035 specific mMRNAs were mirrored by AR specific
perturbations in 9 relevant miRNAs as predicted by Go-Elite, and were regulated specifically by
p53 and FoxP3. Infiltrating lymphocytes and the renal tubules drove the miRNA tissue
pertubations in rejection, involving message degradation and transcriptional/translational
activation. The expression of many of these miRNAs significantly associated with the intensity of
the Banff scored interstitial inflammation and tubulitis.

Conclusion—There is a highly regulated interplay between specific MRNA/miRNAs in allograft

rejection that drive both immune mediated injury and tissue repair during acute rejection.
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Introduction

Methods

The coordinated regulation of the allo and innate immune responses in HLA disparate renal
transplants and the complex interplay of messenger and microRNA molecules remains to be
better understood in acute rejection and accelerated chronic allograft injury and tolerance
[1-6]. We proposed to glean a holistic view of graft injury and repair at the transcriptional
systems-level, by evaluating the interplay of perturbed messenger RNA (mRNAS) and
microRNA (miRNA) pairs in AR by a combination of microarrays, multiplex microfluidic
QPCR and bioinformatics.

miRNAs, small RNA molecules of 19-23 nucleotides in length, can be found within introns
of genes, are derived from genes and byproducts of mMRNA processing [7], and have been
recently interrogated in organ transplant injury [7-10]. miRNAs can impact hundreds of
mRNA targets, and can impact protein translation/function through transcriptional
regulation, MRNA degradation and protein binding, [7, 8]. To investigate the interactions
between dysregulated mMRNAs and their regulating miRNAs during renal allograft rejection,
we utilized an integrated approach combing different transcriptional measurement
technologies and data analyses strategies to infer and validate AR specific mMRNA/mMiRNA
perturbations and thus expand our understanding of previously described and novel
transcriptional processes in graft injury and repair.

Patient and sample population

The study population consisted of 167 renal allograft biopsy tissue samples from pediatric
renal allograft recipients transplanted at Lucille Packard Children’s Hospital at Stanford
between the years 2003-2006. Routine surveillance tissue biopsies were collected from
these patients at implantation (0), 3, 6, 12 and 24 months post-transplantation, and at
indication of renal dysfunction for diagnostic histological evaluation. Histological scores
were measured for chronic and acute histological Banff [11-14] schema by a central
pathologist (NK) for all patients. Detailed clinical and demographic data was collected on all
enrolled patients. Stable (STA) samples were defined by an absence of all chronic and acute
Banff categories (interstitial fibrosis [ci=0], tubulitis [t=0] and interstitial infiltrate [i=0]),
and with minimal tubular atrophy (ct<1). AR samples were defined by a minimum tubulitis
(t) and infiltrate (i) score of one or greater in both. Only cellular rejection samples were
considered for this study, hence all selected AR samples were C4d negative, and were
negative for measured donor specific antibodies at tissue sampling. Tissue diagnosis of BK
nephropathy and recurrent diseases samples were exclusion criteria for this study. A total of
167 unique tissue biopsy samples were included in the study from 167 unique patients, and
stratified into two groups: Groupl (n=70; 18 AR, 52 noAR) patient samples were used for
microarray discovery of AR specific mMRNA and GO-Elite prediction of AR specific
miRNAs, and Group2 (n=97; 29 AR, 68 noAR) patient samples were used for AR specific
miRNA QPCR validation (Figurel; Table 1).
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Sample preparation

Total RNA was extracted from biopsy samples using TRIzol® (Invitrogen, Carlsbad, CA) as
per manufactures’ protocol. Total RNA was measured for RNA integrity using the RNA
6000 Nano LabChip® Kit on a 2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany) (acceptable RNA quality was a RNA integrity number exceeding 7) [15, 16].

MRNA analysis by whole genome microarrays

100ng of extracted total-RNA was first reverse transcribed into cDNA and then amplified.
Amplified cDNA was then labeled with Biotin using the Ovation™ Biotin System (NUGEN
Technologies, San Carlos, CA), fragmented and hybridized onto Affymetrix GeneChip®
Human Genome U133 Plus 2.0 Arrays comprising more than 54,000 probe sets, covering
38,500 human genes (Affymetrix Inc., Santa Clara, CA), following the manufactures’
protocol. Microarrays were scanned using the GeneChip Scanner 3000 (Affymetrix Inc.,
Santa Clara, CA) on predefined settings [1]. The microarrays were normalized and analyzed
using the latest versions of R (2.13.0) statistical computing environment [17] and
Bioconductor 2.8 [18] and varied data analyses tools were utilized, inclusive of Affymetrix
Pressurized Logistics Module (affyPLM; [19], Guanine Cytosine Robust Multi-Array
Analysis [GCRMA] [20], Linear Model for Microarray Analysis [LIMMA] [21], Affymetrix
LIMMA Graphical User Interface [affyImGUI; [22] and statistical analysis of microarrays or
SAM [23]. Microarray data was normalized using probe-level linear modeling [24] and to
enable assimilation of data analysis with public microarray data, Affymetrix probe
identifiers were re-annotated using AILUN [25]. Differentially expressed genes (DEG) were
defined by a fold discovery rate or FDR of 1% and a fold change =2 comparing AR and
NORM biopsies.

MRNA/mMIRNA selection in AR

Using the mRNA DEGs defined from the transplant biopsies associated with AR, we used a
customized software algorithm (NS), called GO-Elite [26], to predict miRNAs that target
these altered genes. Unlike most pathway resource tools that are limited to one resource
input, that can often become outdated, GO-Elite has curated input from various annotation
public databases, inclusive of miRTarBase [27], TargetScan (http://www.targetscan.org),
RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/), miRBase (http://
www.mirbase.org) and Pictar (http://pictar.mdc-berlin.de), PAZAR (http://www.pazar.info)
and Amadeus (http://acgt.cs.tau.ac.il/amadeus) that functionally or inferentially link
miRNA/MRNA. This software can be run using an intuitive graphical user interface, through
command-line arguments, using a web interface and through the program GenMAPP-CS.
The advantage of this program is that it exploits the structured nature of biological
ontologies to report a minimal set of non-overlapping terms. GO-Elite uses a hypergeometric
distribution method to select a miRNA association if it proposed in a minimum of 2 different
miRNA annotation data sources. Using a Fisher test for target enrichment, we identified 19
miRNAs that were significant for their expression in AR; selection criteria for these
miRNASs is shown in Table 2. We also selected 4 reference miRNAs for QPCR validation
from GO-Elite (Table 2). All selected microRNAs were analyzed by QPCR on an
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independent set of biopsies (Group2) to confirm the biological validity of the “in silico”
prediction on the discovery set of samples (Groupl).

Microfluidic quantitative PCR for miRNA validation

miRNA within the total RNA (50ng) was reverse transcribed using MegaPlex RT primers
Human V3 (Applied Biosystems [ABI], Foster City, CA), with ‘Card A’ and ‘Card B’
primers in separate reactions, adding Multiscribe Reverse Transcriptase (ABI) and other
components in a final volume of 8ul for 40 cycles, followed by enzyme inactivation in a
thermal cycler (Eppendorf Vapo-Protect, Hamburg, Germany). Specific target amplification
(STA) was performed using 2ul of the RT reaction along with Megaplex PreAmp primers
(ABI) and Tagman PreAmp Master mix (ABI) to 5ul final volume, again ‘Card A’ and *Card
B’ primers in separate reactions, for 18 cycles in a thermal cycler (Eppendorf), then diluted
1:10 with sterile water (Gibco, Invitrogen, Carlsbad, CA), following Fluidigm’s miRNA
advance development protocol (Fluidigm, South San Francisco, CA). Microfluidic
quantitative polymerase chain reaction (QPCR) was performed using the 96.96 dynamic
BioMark array (Fluidigm) with 2.25ul of the diluted sample from the STA, along with
Tagman Assays (ABI) for each miRNA (Table 2), Tagman Universal master mix (ABI) and
Loading reagents were primed and loaded onto the chip via the HX IFC Controller
(Fluidigm). The QPCR was run with default parameters for gene expression data collection
as advised by Fluidigm. Standard Comparative Ct was used to determine relative fold
change gene expression using miR-hs-191 as the internal endogenous control reference and
Universal Human Total-RNA as the external comparative reference (Agilent).

Bioinformatic and statistical analysis

Using previously published bioinformatics approaches for array data analyses [28] [29],
tissue specific mRNA targets were identified significant for biopsy confirmed AR (p<0.001;
FDR<1%; fold change =2) from the discovery sample set in groupl. GO-Elite was next used
to infer significant miRNA/mRNA interactions, and based on this a list of miRNAs were
then verified in the same biopsy samples (Groupl) used for mRNA discovery and then
validated in independent samples (Group2) by microfluidic QPCR. To further validate the
interactome loop between mMRNA/mMiRNAs, the Go-Elite was used to reverse map the
significant miRNAs by QPCR to multiple other mRNA targets. Some of these were again
validated (Group2) by QPCR to confirm the biological link between the specific mMRNA/
miRNA in graft rejection. DEG targets of the miRNA and DEG lists were analyzed to
identify enriched biological processes, normal renal histological staining and canonical
pathway analysis using the SOURCE [30], GeneCards® [31], BioGPS [32], Human Protein
Atlas [33, 34] and PubMed. Nominal clinical variables were analyzed using either an
unpaired Students T-Test for two groups or a one-way analysis of variance (ANOVA) for 3
or more groups using Graphpad Prizm (Graphpad Software Inc., La Jolla, CA). Categorical
clinical and histopathology data (Banff score >1) were analyzed using a Fisher exact test.
Correlations were performed using a Pearson correlation coefficient with absolute value >
0.3 and P-value < 0.05 considered significant for miRNA expression, mMRNA gene
expression and allograft function. Probe-sets that did not map to a gene symbol after re-
annotation (AILUN) were removed, along with duplicate gene symbol entries, thus each
gene was only considered once in each list. Non-parametric trend test for order groups [35]

Transplantation. Author manuscript; available in PMC 2017 January 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vitalone et al.

Results

Page 5

for the association of miRNA expression was conducted against a semi-quantitative (0-3; 0=
less than 5% of renal parenchyma affected, 1=6-25% of renal parenchyma affected, 2=
26-50% of renal parenchyma affected and 3= greater than 51% of renal parenchyma
affected) chronic (ct) and acute injury (t and i) score on contemporaneous biopsies. A
multivariate confounder analysis was performed using multivariate logistic regression and a
probability < 0.05 was considered significant for all statistical analyses. Post-hoc
probabilities are presented for microarray analyses.

Confirming the transcriptional mMRNA signature of AR and predicting their relevant miRNA
targets by GO-Elite

There was a strong signal for many significantly (p<0.01; FDR<1%) perturbed genes
(n=10,583) in the biopsy tissue at the time of established rejection, as previously shown in
our studies [35]; with 4577 up-regulated and 6006 down-regulated genes (fold change >2),
with overlapping molecular and biological functions as previously published [36]. Prediction
of highly enriched (p<0.01) microRNA targets with GO-Elite identified miRNAs that were
predicted to directly interact with many AR genes (Table 2, 3).

miRNA alterations in AR: inferential informatics and QPCR measurements

The 16 selected miRNAs were analyzed for differences in abundance in AR in an
independent cohort of samples (Group2). Three miRNAs (miR191, miR103, RNU6B (U6))
were selected as the endogenous reference or ‘house-keeping” miRNA, based on these
miRNAs having invariant expression in AR and STA samples with low co-efficient of
variation across all study samples. Nine of the 16 miRNAs were significantly (P<0.05)
altered in AR (Figure 2, Table 3) with increased expression of 3 (miR142-3p, miR342-3p
and miR25) and decreased expression of 6 (miR181a, miR192, miR204, miR215, miR10b*
and miR615-3p) in rejecting versus non-rejecting biopsy tissue (Figure 2). Among the
10,583 DEGs found with AR, 1,035 mRNAs were identified as predicted targets of one or
more of these 9 miRNAs, when at least two miRNA algorithms were in agreement in GO-
Elite.

As the predictions of the mRNA/mMiRNAs for AR was made by “in silico” informatics, there
was a possibility that there may be changes in expression in other highly homologous
miRNA family members that may be missed by the software prediction. Both miR211 and
miR204 belong to the same miRNA family and have very high mature seed sequence
homology with only two base pair nucleotide differences. We tested expression of miR211,
which was not predicted to be differentially expressed in AR by GO-Elite, as well as
miR204, which was predicted to be altered in AR by Go-Elite. Our QPCR validation
confirmed the specificity of the Go-Elite prediction for this miRNA family, as only miR204,
and not miR211, was significantly altered, per the software prediction, in AR.miR211 was
not inferred by Go-Elite and was not differentially altered in AR, suggesting that miRNA
alterations in AR are very specific and not family wide. None of the clinical confounders
shown in Table 1 impacted miRNA alterations in AR by multivariate confounder analysis.
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Public Database experimental validation of AR specific miRNA/mMRNA interactions

Seven out of 9 of the QPCR validated had experimentally validated miRNA-target
interactions, across 50 common mRNAs from the mirTarBase [27], 16 of which are highly
regulated also in the AR mRNA microarray data (Table 3 and Figure 3). These 50 mMRNAs
have highly coordinated biological interactions, centered around the apoptotic regulator and
miR25 target, tumor protein 53 or TP53 (Figure 3F). Inverse relationships between miRNA
and the 50 target MRNAs were observed for PRMT5 (protein arginine methyltransferase 5)
and TP53 (miR25 targets, Fig3A) and ras-related C3 botulinum toxin substrate 1 or RAC1
(miR142-3p target, Fig3E), where the targets for each were down-regulated and the miRNAs
themselves upregulated in AR. The opposite was also found for CDX2 (caudal type
homeobox 2), ATM (ataxia telangiectasia mutated) and HIPK2 (homeodomain interacting
protein kinase 2) (miR181a targets, Fig3B); MAD2L1 (mitotic arrest deficient-like 1),
HRHZ1 (histamine receptor H1), LMNB2 (lamin B2) and DTL (denticleless E3 ubiquitin
protein ligase homolog) (miR192 targets, Fig3C); TGFBRL1 (transforming growth factor,
beta receptor 1), TGFBR2 (transforming growth factor, beta receptor 2), SPDEF (SAM
pointed domain containing ETS transcription factor) and SNAI1 (snail family zinc finger 1)
(miR204 targets, Fig3D); NCOR2 (nuclear receptor corepressor 2) (miR10B* targets,
Fig3E) and ACVR2B (activin A receptor, type 11B) (miR215 target, Fig3E).

Individual miRNA/mRNA interactions predicted from GO-Elite identified that each of the 6
miRNAs significantly downregulated in AR, coordinated the expression of a large number of
mRNAs that follow highly coordinated expression changes: 211 predicted mRNA targets for
miR342-3p (increased), 130 for miR192 (decreased), 224 for miR25 (increased), 195 for
miR181a (decreased), 113 for miR215 (decreased) and 147 for miR142-3p (increased)
Interestingly, inverse regulation relationships between the miRNA and the target MRNAS
were only observed for miR25, miR142-3p, miR342-3p and miR615-3p, suggesting that
these miRNAs employ a mechanism other than message degradation.

miRNA/MRNA measurements and allograft biopsy histology correlations: message
degradation and transcriptional activation implicated

To further explore the relationship and mechanism of action for the detected miRNAs and
their mMRNA targets we performed a correlation analysis (Pearson) in the 29 samples in
Groupl for matched mRNA array/miRNA QPCR in these transplant biopsy samples.
miR192 (MRNAs: HRH1 and LMNB2) and miR204 (mRNAs: TGFBR1, TGFBR2 and
SNAI1) correlate (negatively) significantly with their targets (Table 3). The remaining
altered targets did not correlate with their matched miRNASs, suggesting additional forms of
regulation impact mRNA levels that need additional exploration (Jr |< 0.3). The same
analysis was performed with the miRNA QPCR/GO-Elite predicted mRNA targets (all
Group2 samples), whose expression correlates highly with their matched miRNAs. The
expression of 168/211 mRNA targets strongly (r=—0.63; p=0.01) negatively correlated with
their target miR342-3p, and weaker negative correlations were also seen between 22/224
MRNAs and their target miR25, and 6/147 mRNAs and their target miR142-3p (r<-0.3,p <
0.05). These negative correlations are strong evidence for a direct relationship of message
degradation as the mechanism of action in these mMRNAs by their targeted miRNAsS.
Conversely, we observed that positively correlation of miRNA/predicted mRNAs for
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miR192 (44/130 mRNA targets), miR215 (19/113 mRNA targets) and miR181a (8/195
mMRNA targets). The remaining targets were all positively correlated less than our selected
threshold. These positive correlations are unexpected and suggest that these particular
miRNA work through transcriptional activation mechanisms, rather than the expected
mechanisms of transcription degradation of their predicted targets.

mMiRNA and Banff grade correlations: miRNA origins relate to lymphocytic infiltration and
tubular injury

To evaluate the impact of miRNA transcriptional alterations and tissue compartment injuries
in AR, we performed a trend analysis between the expression of the miRNA and the
centrally and blindly scored, quantitative Banff grades of tubular atrophy (ct), tubulitis (t)
and lymphocytic infiltrate (i) (Figure 4). We observed that miR25 was found to have a
significant positive trend with the Banff ct grade (z=2.42, P=0.016, Figure 4A), indicating
that the expression of miR25 increases as chronic tubular atrophy increases. For the Banff
tubulitis score (Figure 4B), we observed a significant positive trend for miR25 (z=2.25,
P=0.025), miR342-3p (z=4.44, P=0.0001) and miR142-3p (z=4.16, P=0.0001). A negative
significant trend was observed for Banff t score and miR192 (z=-3.07, P=0.002), miR204
(z=-3.78, P=0.0001), miR10b* (z=-2.96, P=0.003) and miR215 (z=-2.12, P=0.034). In
addition, we observed a positive significant trend for miR25 (z=1.96, P=0.05), miR342-3p
(z=4.55, P=0.0001) and miR142-3p (z=3.94, P=0.0001) with the Banff i score (Figure 4C).
A negative trend was observed for miR192 (z=-3.1, P=0.002), miR204 (z=-3.67, P=0.0001)
and miR10b* (z=-2.7, P=0.007) with the Banff i score. The increase in miRNA expression
paralleling the increase in the Banff t and i scores suggest that the origin of these are the
infiltrating lymphocytes. The negative trend, indicating a decrease in miRNA expression as
Banff score t and i score increases strongly suggests that many of these miRNAs are of
tubular origin and are a function of the lymphocyte-mediated injury. These trends also
indicate that there is a ‘dose’ effect of the lymphocytes, thus these miRNA may serve as
severity biomarkers.

Go-Elite inferred miRNA biology in AR: Non-redundant miRNA of lymphocyte origin
targeting tubules, associated with FOXP3

To understand the underlying biology, GO-Elite was used to perform pathway, immune cell
marker and transcription factor binding site enrichment analysis of the differentially
expressed targets of all nine regulated miRNAs. We also investigated the protein expression
of the 16 (miRTarBase) differentially expressed mRNA in normal kidney tissue (Human
Protein Atlas) and mRNA expression across cell types (BioGPS, Table 3). From these
pathway-level analyses, each miRNA was found to affect a distinct repertoire of biological
processes (diverse pathways such as TOR signaling, Gap Junction, Notch signaling,
Signaling via HIDAC 2, Synaptic vesicle, and Hedgehog signaling), and a common enriched
pathway across the majority of the miRNA was the TGFB signaling pathway.

To further infer on the cellular location and origin of the altered miRNA we investigated the
normal expression of their mMRNA targets across various cell types and specifically their
protein expression in the kidney, using publically available databases of Human Protein
Atlas and BioGPS. Investigating the normal protein expression of the 16 experimentally
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verified mMRNA targets, using the data collated by kidney immunohistochemistry, most
targets were expressed in the tubules of the normal kidney, with some staining evident in the
glomerulus (Table 3). This staining pattern indicates that the miRNA changes in AR likely
occur due to the rejection specific tubulitis injury in AR. To further elucidate the most
abundant cellular sources of the target mRNAs we performed enrichment analysis of the
10,583 AR specific mRNAs against publically available microarray based normal cellular
expression across over 120 cell and tissue types (GSExx) in BioGPS (http://biogps.org)
(Table 3). Using the threshold of greater than three times the median expression, the top
most abundant cellular origins of the mRNA were from lymphocytes (CD8, CD4, CD34,
NK and B cell), followed by endothelial cells. We also observed enrichment in markers for
IL15 stimulated NK cells (miR142-3p specifically), memory B cells (miR181a specifically)
and dendritic cells (miR192 specifically). Taking these cellular origin findings together we
observe that, as expected, the miRNA alterations in the renal tubules result in lymphocyte
specific mMRNA alterations resultant of the lymphocytic infiltration by different immune
specific cells in tubules, the interstitium, vessels and the glomeruli- the hallmarks of graft
rejection.

To identify enriched predicted upstream transcriptional regulators, we used the GO-Elite
databases (PAZAR and Amadeus), and observed an overwhelming enrichment of FOXP3
regulating a large number of mRNAs targeted by the various altered miRNAs. Collating this
data into interaction nodes we observe that FOXP3 is associated with miR25, miR181a,
miR192, miR215 and miR342-3p (Figure 3A). This finding was confirmed by an
independent analysis of transcription factor binding sites using DiRE (Distant Regulatory
Elements of co-regulated genes [http://dire.dcode.org]) where we observed that FOXP3 was
constantly in the top 10 identified transcription factors for each miRNA investigated. Indeed,
FOXP3 itself is found to be down-regulated in AR compared to STA biopsies (Figure 5B).

Discussion

To better understand the overall immune response in an HLA incompatible allograft, a
transcriptionally based systems biology approach, using the bioinformatics integration of lab
generated/ validated and publically available mMRNA/miRNA associations allows for an in
depth analysis of the allograft response to rejection injury. There are two major sources for
the perturbations in miRNA and mRNA expression observed in transplant biopsies
undergoing rejection: signal from the axis of injury causation, i.e. the infiltrating
lymphocytes, and the other is from the injured allograft, with signals of tissue injury and
tissue repair. We performed a series of trend analyses with miRNA/mRNA public data
experimental validations, cell specific miRNA/MRNA public data expression, miRNA/
mRNA QPCR/array lab based validations and quantitative pathology indices for
compartmentalized injury. Up-regulated miRNAs, seem to be mostly expressed in the renal
tubules and the endothelium, and have a significant positive trend for Banff inflammation (i)
and tubulitis (t) scores, suggesting that they may prove to be biomarkers of allograft injury
and rejection severity. Alterations in the transcriptional regulation by FOXP3, p53 and TGFb
appear to control variations in the expression of many of these kidney tubule specific
miRNAs in rejection, and appear to drive downstream transcriptional alterations of
lymphocyte and tissue injury specific MRNAs as mediators of tubular injury in graft
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rejection. We also observe that AR specific miRNA alterations may be regulating
downstream mRNAs by mechanisms involving both message degradation and transcriptional
activation, and we believe this supports that further studies are needed to better understand
the divergence of these miRNA roles in graft rejection. This knowledge can better position
us to develop better therapeutics and strategies to selectively tackle both sides of the
equation, injury and repair.

A limitation of this study is that we only validated the predicted miRNA interactions from
the customized software analysis by Go-Elite; de novo miRNA discovery using miRNA
arrays would have likely yielded additional candidates. The miRNAs dysregulated in kidney
transplants in this study, like an earlier study by Anglicheau et al. [37], appear to play pivotal
roles in the recruitment of different immune infiltrates in graft rejection [38], from T and B
cell migration (miR181a), T and B cell survival (miR17-92 cluster), T2 polarization
(miR155) and HLA-G expression and DC activation (miR148a, miR152) [39]. miR142-3p
was found to be dysregulated in AR in our study of kidney transplant rejection, as well as in
a miRNA study on human small bowel transplant rejection by Asaoka et a/. [40], and in a
heterotopic allogeneic mouse heart transplant model by Wei ef a/. [41]. This finding supports
our previous studies on that there are common immune core mechanisms of acute rejection
in solid organ transplants in humans and rodents, irrespective of tissue source [28] [42].
miR142 has strong expression in peripheral blood lymphocytes [37] and in infiltrating
mononuclear cells, specifically CD3* T cells and CD14* macrophages [40]. The
lymphocytic origin of this particular miRNA is the most probable reason for its detection in
AR across different organs. As most of the upregulated miRNAs and mRNAs in AR in this
study are mainly of lymphocyte origin and most of the down-regulated miRNAs of tubular
origin, it is not unreasonable to postulate that the up-regulated miRNAs reflect the increased
burden of infiltrating lymphocytes in rejection, and conversely the down regulated miRNA
reflect the tubular injury and fallout as a consequence/ response of rejection injury.

Fibrosis and possible epithelial-to mesenchymal transition (EMT) related mechanisms are
observed in the mMRNA changes in AR where we see up-regulation of transforming growth
factor B receptor 1 and 2 (TGFPR1 and TGFPR2), activin A receptor, type 11B (ACVR2B)
and Snail 1 (SNAIL) [43]. Altered expression of homeodomain interacting protein kinase 2
(HIPK?2), ataxia telangiectasia mutated (ATM) as well as SAM pointed domain containing
ETS transcription factor (SPDEF), caudal type homeobox 2 (CDX2) and MAD2 mitotic
arrest deficient-like 1 (MAD2L1) signal via p53 to promote both cell cycle arrest and
progression. An increase in DNA repair is supported by the upregulation of denticleless E3
ubiquitin protein ligase homolog (DTL) and DNA replication factor 1 (CDT1) complex,
drivers for chromatin stabilization (NCOR2, LAMB2, PRMT5) are also increased. The data
supports therefore that the kidney responds to counteract rejection injury and DNA damage
via a TP53 mediated mechanism that also promote cell cycle signaling to repair and
repopulate renal tubules. It is well established that AR and immune related injury is strongly
associated with the appearance of subsequent chronic allograft injury and its progression
[1-3]. A number of our identified miRNAs also play a role in immune related chronic
fibrosis (miR142-3p, miR215, miR204 and miR192) as they have also been shown to be
differentially altered in renal allograft biopsies with chronic allograft injury [44].

Transplantation. Author manuscript; available in PMC 2017 January 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vitalone et al.

Page 10

Taking the negative correlations with their respective mRNA targets into account, we see
that miR25, miR342, miR204, miR615-3p, miR192 (in part) and miR142-3p are working
through ‘message degradation’ and not translational repression. Interestingly, we observed
that miR192, miR181a and miR215 were positively correlated with their mRNA targets,
indicating that an increase in miRNA expression is also causing an increase in mMRNA
expression. As these mMiRNA-mRNA pairs are based upon sequence complementary [45,
46], the standard assumption of message degradation can be challenged, and we can
postulate that there is a form of transcriptional regulation at play. The simple hypothesis of
message degradation is further complicated when we evaluate miR369-3, as it appears to
play different roles in the same cells based on their basal activity. Vasudevan et al. were able
to show that miR369-3 up-regulated the translation of tumor necrosis factor-a (TNF-a)
during cell cycle arrest by binding of the miRNA to the AU-rich region of the 3
untranslated region in TNF-a.; though this same miRNA was able switch and subsequently
act in repressing translation in the same cells once proliferating [45]. miR373 promotes
transcriptional activation of E-cadherin and cold-shock domain-containing protein C2 by
binding in a sequence complementary fashion to the promoters of these genes. This binding
it extremely sequence specific with various synthesized versions of miR373 as mismatch
mutations were unable to promote mMRNA expression [46]. All of this strongly suggests that
we have identified a number of miRNAs that play a role in both transcriptional and
translational regulation in the renal allograft. Further investigation into the biological
functions of these miRNAS in the context of rejection and kidney injury is deserving.

Finally, we were able to identify forkhead box P3 (FOXP3) as the major transcription factor
that that was predicted to target a large number of the mMRNA targets and miRNA relevant in
AR. It is has been well established that FOXP3 is a marker of T-regulatory cells and that
these cells can attenuate the incidence and severity of rejection [47, 48]. Therefore the
altered regulation of FOXP3 in AR is not a surprising finding, however when placed in the
context of its association with known miRNAs (miR155, miR21 and miR31 [49, 50]), its
new associations in this study with rejection specific miRNAs targets, and its pivotal role
with miRNA/mRNA interactions in our customized bioinformatics analyses, increases the
potential for additional studies to explore the mechanisms and impact of the miRNA/mRNA
transcriptional regulation by FOXP3 in graft rejection.

In conclusion, we have identified a number of novel miRNA that are differentially altered
during an episode of AR. Taking the novel approach of integrating a number of different
technologies, databases and analyses we have begun to understand the role that these
miRNA play in both immune injury and allograft repair. From this we have identified that
the graft undergoes cell cycling and DNA damage repair pathways revolving around the
pivotal molecule p53 and immune specific mMiIRNA/mRNA changes regulated by FOXP3.
We find that infiltrating lymphocytes and the renal tubules are the main source of the
miRNA changes in rejection that these miRNAS appear to work via both message
degradation as well as transcriptional or translational activation. The miRNAs identified by
this study, validated by larger datasets and mechanistic studies, will prove to be integral to
how we understand the mechanisms of injury and repair during AR, potentially leading to
new treatments to alleviate the immune related injury in graft rejection.
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Figure 1.
Project design and analysis flow
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Figure 2.
Differentially regulated miRNAs in transplant tissues biopsies, with miR142-3p (A),

miR342-3p (B) and miR25 (C) all up-regulated in those biopsies with histological evidence
of AR compared to normal biopsies. In addition, miR181a (D), miR192 (E), miR204 (F),
miR215 (G), miR10b* (H), miR615-3p (I) were all down-regulated in AR compared to
normal biopsies.

Transplantation. Author manuscript; available in PMC 2017 January 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vitalone et al.

Page 16

%‘ ﬂl HI§§
¥ .

E 9. vl
.
e - s
PRMTS: Py

* o il o K=
- ACA!

! ¥

s & &
g A ™
& &
Figure 3.

Expression of experimentally verified mRNA targets (via miRTarBase) of the altered
miRNA, measured by Affymetrix Hu133+2.0 arrays in transplant biopsies. (A) miR25 up-
regulated targets TP53 and PRMTS5 in AR. (B) miR181a down-regulated targets CDX2,
ATM and HIPK2 in AR. (C) miR192 up-regulated targets DTL, HRH1, LMNB2 and
MAD2L1 in AR. (D) miR204 up-regulated targets TGFBR1, TGFBR2, SPDEF and SNAI1
in AR. (E) Up-regulated targets NCOR2 and ACVR2B of miR10B* and miR215,
respectively, along with down-regulated target RAC1 of miR142-3p in AR. (F) mRNA target
interactions of the altered miRNA leads to various mechanism of cell cycle and DNA repair
through p53 signaling.

Transplantation. Author manuscript; available in PMC 2017 January 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Vitalone et al.

A

tubular atrophy (ct)

—_——
—

MIRNA realtive expression (l0g10)
b B

| e

* > mR2S

- mR1%2
-~ miR204
- mR10b" et
-+ mRi8ta

o mRM23p
& mR142-3p
-+ miRS15-3p
- miR21S

mMIRNA realtive expression (1og10)
3

1
Banff score

MIRNA realtive expression (log10)

Figure 4.
miR25 expression significantly trends with Banff pathology scores for tubular atrophy (A),

along with several other miRNAs for Banff scores of tubulitis (B) and infiltrate (C).
Significant positive trends were observed between miR25, miR342-3p and miR142-3p and
Banff t and i scores, indicating a likely lymphocyte origin for these miRNAs. Significant
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Transcription factors associated with altered miRNA. (A) Network node displaying the
association of various transcription factors (blue) that are predicted to regulate the mRNA
targets of the altered miRNA (green). There is a clear cluster of FOXP3 as a consistent
transcription factor that regulates a number of the mRNA targets of all altered miRNA
except for miR142-3p. (B) FOXP3 is down-regulated in AR (AR), as per MRNA measured
by microarrays, which is consistent with its targets also being down-regulated in AR.
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Table 2

List of 19 miRNAs investigated in renal transplant biopsies by microfluidic QPCR, along with 3 endogenous
reference mMiRNA

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

MRSl | Fradsed | oy, | MBS | o
Predicted miRNAs
hsa-miR-101-3p 8.30E-09 Kidney up GO-Elite [26]
hsa-miR-182-5p 9.39E-09 Kidney up GO-Elite [26]
hsa-miR-301b 3.44E-07 Kidney up GO-Elite [26]
hsa-miR-215 2.18E-06 Kidney up GO-Elite [26]
hsa-miR-429 2.51E-06 Kidney up GO-Elite [26]
hsa-miR-142-3p 3.46E-06 Kidney up GO-Elite [26]
miR419-5p 7.45E-05 Kidney down GO-Elite [26]
hsa-miR-25 0.0006 Kidney up GO-Elite [26]
hsa-miR-17-5p 0.009 Kidney up GO-Elite [26]
hsa-miR-192 0.0009 Kidney up GO-Elite [26]
hsa-miR-615-3p 0.0079 Kidney down GO-Elite [26]
hsa-miR-28-5p 0.0081 Kidney down GO-Elite [26]
hsa-miR-181a 0.0066 Kidney/ lymphocytes up GO-Elite [26]/ [51]
hsa-miR-362-3p 0.0182 Kidney down GO-Elite [26]
hsa-miR-194 0.0164 Kidney up GO-Elite [26]
hsa-miR-342-3p 0.0480 Kidney up GO-Elite [26]
Control miRNAs
hsa-miR-204 NA Kidney Down [52]
hsa-miR-211 NA i (;‘ai;ig“hgﬁggl'ggy) Down [53]
hsa-miR-10b NA Kidney (mouse) up [54]
ndogenous reference miRNAs
hsa-miR-191 NA Cancer Stable [55)/ [56]
hsa-miR-103 NA insulin sensitivity Stable [55]/[57]
RNU6B (U6) NA unknown Stable [52, 55, 58]

hsa-miR=Human miRNA, NA=not applicable
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