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Abstract
Gene expression profiling of transplant recipient blood and urine can potentially be used to
monitor graft function, but the multitude of protocols in use make sharing data and comparing
results from different laboratories difficult. The goal of this study was to evaluate the performance
of current methods of RNA isolation, reverse transcription, and quantitative polymerase chain
reaction (qPCR) and to test whether multiple centers using a standardized protocol can obtain the
same results. Samples, reagents, and detailed instructions were distributed to six participating sites
that performed RNA isolation, reverse transcription and qPCR for 18S, PRF, GZB, IL8, CXCL9
and CXCL10 as instructed. All data were analyzed at a single site. All sites demonstrated
proficiency in RNA isolation and qPCR analysis. Gene expression measurements for all targets
and samples had correlations >0.938. The coefficient of variation of fold-changes between pairs of
samples was less than 40%. All sites were able to accurately quantify a control sample of known
concentration within a factor of 1.5. Collectively, we have formulated and validated detailed
methods for measuring gene expression in blood and urine that can yield consistent results in
multiple laboratories.
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Introduction
Current diagnosis of acute and chronic renal allograft injury depends on evaluation of a
biopsy performed either at a protocol-defined time point or after rising serum creatinine
levels indicate decreased graft function, by which time injury is already in progress. Gene
expression analysis of biopsy tissue by quantitative polymerase chain reaction (qPCR) and
microarray has provided a wealth of information about the molecular changes in a graft that
accompany ongoing injury (1–4). A problem with this approach is the continued need for an
invasive procedure, the biopsy. There has been a great deal of interest and effort in the
identification of biomarkers in the blood or urine of transplant patients that are generated as
the result of graft tissue injury. Ideally such biomarkers should provide a rapid, noninvasive
approach for diagnosis, and possibly prediction, of graft injury that could lead to more
immediate treatment and improved outcomes.

The critical role of donor-reactive T cells in acute and chronic graft injury has raised the
hypothesis that expression of T cell effector molecules involved in tissue injury might be
detectable in the blood or urine of renal transplant patients during rejection. Previous studies
of peripheral blood have found upregulated mRNA expression of the T cell-derived
cytolytic mediators perforin, granzyme B, and Fas ligand during acute rejection of renal
grafts (5–10).

For renal transplant patients, the urine potentially provides a more proximate source of
immune events occurring in the graft. By profiling RNA isolated from urine sediment,
several investigators have observed gene expression changes that correlate with acute
rejection, chronic allograft nephropathy, and interstitial fibrosis of renal grafts. These
changes include altered expression of mRNA encoding T cell transcription and effector
molecules (11–16); mediators of inflammation, tissue repair, and fibrogenesis (17, 18); and,
cytokines, chemokines and their receptors (19, 20). These distinct expression profiles
generated from individual laboratory studies indicate that, as predicted, injury to kidney
grafts is reflected by molecular changes in the urine.

One of the major goals of the Clinical Trials in Organ Transplantation (CTOT) consortium
has been to establish standardized methodology to monitor transplant outcomes in large,
multicenter studies. The CTOT core laboratories have developed and validated a
comprehensive set of protocols for gene expression profiling of blood and urine that has
potential use as a diagnostic and/or monitoring tool. The purpose of this study was to
evaluate the reproducibility of results obtained using this method from the core laboratory in
five separate sites.

Materials and Methods
Study sites, reagents and samples

The following six sites participated in the study: Cleveland Clinic, Mt. Sinai School of
Medicine, University of Alabama at Birmingham, Beth Israel-Deaconess Hospital, Stanford
University, and University of California Los Angeles. Each site was assigned an
identification number for anonymity. All reagents and samples were prepared at Cleveland
Clinic and distributed to the other sites for analysis. Unless otherwise indicated, all reagents
are from Life Technologies, Carlsbad, California. Detailed protocols are available in the
methods supplement.

Patients and samples for this study were from the CTOT-1 study in which blood and urine
were collected from renal transplant patients at the time of transplant and at various time
points for 2 years post-transplant for immune monitoring assays. Urine and blood were also
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collected from normal volunteers. All sample collection and studies were conducted under
approval of the Institutional Review Boards of all of the participating sites.

RNA isolation
Urine samples were processed as originally described by Li et al (12). In brief, urine was
centrifuged at 2,000 x g for 30 minutes at 4°C, and the sediment washed with PBS and
stored at −80°C in RNAlater. RNA was isolated from urine samples with the PureLink Mini
Kit using a modified protocol. Blood samples were collected in Tempus Blood RNA Tubes
and RNA isolated with the Tempus Spin RNA Isolation Kit according to the manufacturer’s
protocol.

Reverse transcription and preamplification
RNA was reverse transcribed with random hexamers using the High Capacity cDNA
Reverse Transcription Kit. Urine cDNA samples were assayed using the preamplification
enhanced real time qPCR assay developed by the Cornell group (13). In the first step, 30 ng
of cDNA was amplified in a 10-cycle mutiplex PCR with all test primers (excluding 18S)
and TaqMan PreAmp Master Mix. The resulting amplified cDNA was diluted 1:5 with Tris-
EDTA (TE) buffer and used for qPCR.

qPCR
Real-time PCR instruments and the amplification protocol used by each lab are summarized
in Supplementary Table 1. The primers and probes were all inventoried TaqMan assays,
listed in Supplementary Table 2. PCR reactions were run in duplicate, with each reaction
containing 25 ng cDNA, 10 μl 2X PCR master mix, and 1 μl TaqMan assay in a 20 μl total
reaction volume. Run data was analyzed with the automatic baseline and threshold settings
determined by the respective PCR instruments. Samples having CT values >35 or CT
replicate standard deviations >0.5 were excluded from analysis. Results were exported as
text files and all subsequent analysis was done at Cleveland Clinic.

FRZ1 PCR standard
Quantities of test genes were derived from a calibration curve using an amplicon of the
mouse FZR1 gene (NCBI accession #NM_019757.1) as the standard. TaqMan assay primers
and probes were designed using Applied Biosystems Primer Express 3.0 software. The
sequences were Forward, 5′ CCCTGTCTTCATACCCCATCTC 3′; Reverse, 5′
CAGCCACCACACTGGGAATC 3′; and, Probe, 5′ FAM-CTGCCCCTTGCCTGG-MGB
3′. Sixteen identical PCR reactions were set up containing 200 ng B6 mouse cDNA, 10 μl
TaqMan Fast Universal Master Mix, and 150 nM forward and reverse primers in a 20 μl
reaction volume. The product size (60 bp) was verified by gel electrophoresis. The PCR
products were pooled and purified using a Qiaex II Gel Extraction Kit (Qiagen, Valencia,
CA), quantified by Nanodrop, and diluted with TE buffer to 107 copies/μl. Aliquots were
stored at −80°C. Calibration curves for PCR were made from 10-fold dilutions from 106 to
10 copies/μl of this stock solution. Linear regression was used to calculate slope and
intercept for the calibration curve and only data from curves with slopes between −3.30 and
−3.36 was used for analysis. Representative standard curve plots from each site are shown in
Supplementary Figure 1.

Statistical evaluation of the data
For each sample and target, the inter-lab mean, standard deviation, and percent coefficient of
variation (CV: standard deviation/mean x 100) were calculated. The mean of all of the CVs
is the overall inter-lab variation for that experiment. Pairwise Pearson correlations among
laboratories were calculated for all samples and targets.
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Results
Variation of PCR alone

To determine the level of variation among the sites when performing qPCR alone, each of
five centers was sent aliquots of samples generated from RNA isolated from the blood or
urine of CTOT-01 subjects: five blood cDNA and five pre-amplified urine cDNA, along
with TaqMan assays for 18S rRNA, perforin, granzyme B, CXCL9/Mig and CXCL10/IP-10.
Each group used their own standard qPCR master mix, instrument, and cycling conditions to
measure expression of the five genes in each sample. Results for GZMB in the urine
samples and all genes in blood sample 217 were excluded because abnormal amplification
plots were obtained in more than one site. Six data points (out of 750 total) were omitted for
having replicate standard deviations >0.5. Mean, standard deviation and CV were calculated
on the quantity reported by each site for each gene and target. The overall inter-lab CVs
were identical for blood and urine samples (62% urine, 63% blood) and were unchanged by
normalizing the quantities to 18S.

PCR data are commonly expressed as fold-changes between samples or groups rather than
raw quantities. We designated one blood and one urine sample as a calibrator to calculate
the fold-change (Qtysample/Qtycalibrator) for all samples and targets. Data for CXCL9 mRNA
levels expressed as fold-change versus quantity in urine samples is shown in Table 1. The
CVs for quantity (A) ranged from 52–63% while those for fold-change (B) ranged from 7–
18%. The same pattern (lower cvs for fold-change measurements than for quantity) was
observed in the other target genes and samples.

As many published studies employ the ddCT method (21) rather than standard curves to
measure relative gene expression between samples, we wanted to compare the inter-lab
variability of the two methods (Table 2). Gene expression was measured using a standard
curve to calculate quantities (A) or by the ddCT method (B). The columns from left to right
indicate the CV calculated for raw quantity (or CT), 18S-normalized quantity (dCT), and
fold-change (ddCT) with one blood sample and one urine sample chosen as calibrator. The
variability between sites was equivalent for blood and urine samples and for quantification
strategy. Regardless of which strategy was used to analyze the data, measurements of fold-
change were much more reproducible than analysis of single samples alone. Table 3 shows
pair-wise Pearson correlations calculated on the CTs determined for all gene targets in blood
(A) and urine (B) specimens. All correlations are greater than 0.97 and are significantly
different from zero at p < 0.0001, indicating that there is relatively close agreement between
the labs.

Pre-analytical steps
To examine the effects of additional processing steps on the inter-lab variation, a series of
identical samples was generated from 900 ml of pooled urine collected from a group of
healthy volunteers. Each site received identical aliquots of: 1) a frozen urine pellet; 2)
isolated pellet RNA; 3) cDNA; and, 4) pre-amplified cDNA. Identical single-use aliquots of
all the reagents necessary for RNA isolation, reverse transcription, pre-amplification and
qPCR analysis for 18S, CXCL9 and CXCL10 were also provided. All six sites processed the
samples using the centrally provided reagents and protocol; only the PCR instruments and
cycling conditions were unique to the separate sites. One data point out of 72 was omitted
for high replicate standard deviation. The CVs calculated on the quantities reported for each
target gene and processing step are shown in Supplemental Table 3. The inter-lab variability
of PCR analysis did not increase when more extensive sample processing was done at
separate sites. The overall inter-lab CV for all samples and targets was 46%.

Keslar et al. Page 4

Am J Transplant. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Spiked sample
To evaluate our ability to accurately quantify a known amount of template, urine RNA
isolated from normal volunteers was equally divided and each aliquot spiked with 1×105

copies of purified CXCL9 amplicon without the knowledge of the participants. This RNA
had been previously determined to lack detectable CXCL9 transcripts. The spiked sample
was reverse transcribed, pre-amplified, and quantified along with the other test samples in
each respective site. The measured quantities by site were: 1) 1.09×105, 2) 1.02×105, 3)
7.42×104, 4) 1.14×105, 5) 9.16×104, and 6) 6.68×104 copies/μl, indicating the ability of each
site to quantify the amplicon within a factor of 1.5 when using identical reagents.

Urine RNA quality
Because only two of the six sites had previous experience isolating RNA from urine
samples, we paid particular attention to the RNA isolation step. Each site had been provided
with three frozen urine pellets derived from three unique pooled samples, along with all
reagents for processing and analysis, as described above. The RNA isolated from the urine
pellets was evaluated by Nanodrop and Agilent Bioanalyzer at each site. Representative
results from site 1 are shown in Figure 1A and B. The absorbance spectra (A) and
electropherogram (B) are normal for urine RNA and illustrate the poor quality and extensive
degradation that characterize the samples, even when they have been isolated from freshly
collected specimens at highly experienced centers. Yields of RNA isolated from the pellets
prepared from 75 ml of urine ranged from 0.14–0.33 μg with OD260/280 ratios between 1.5
and 2.5 Nanodrop readings from urine pellet #1 measured at each of the six sites are shown
in Panel C. The three RNA samples were reverse transcribed and analyzed by qPCR in each
site. 18S expression was measured in all three samples; CXCL9, CXCL10, and IL8 were
measured in two of the samples. One of the six sites does not have PCR data because of a
problem with the standards. One value for 18S in sample 1, and for CXCL10 in samples 1
and 2 was omitted for high replicate standard deviation. The gene expression results are
shown in Figure 2D.

Discussion
In order to be able to truly develop gene expression profiling as a diagnostic tool, it is
imperative to establish standardized protocols and best practices. As a first step in that
direction, we evaluated the performance of the current methods used by the CTOT
molecular core laboratory in terms of reproducibility of results in multiple sites. The overall
interlab variability (CV) of PCR alone was around 63% regardless of sample type,
normalization to 18S, or quantification method, and was not appreciably increased by
addition of pre-analytical steps. Our correlations on all samples and targets were >0.93 and
we demonstrated consistent measurements of relative gene expression (fold-change) in
clinical samples, with CVs of less than 40%. All of the sites were able to accurately quantify
the copies of CXCL9 in a spiked RNA sample within a factor of 1.5, which is generally
considered the limit of measurements by qPCR (22–24).

Of all the pre-analytical steps involved in this method, we focused on RNA isolation from
urine in particular because of the technical challenges involved. All of the sites were able to
isolate RNA from urine sediment of sufficient quality and quantity for qPCR. It is important
to clarify that quality in this context means RNA that contains quantifiable transcripts. Urine
RNA is characterized by extensive degradation that makes traditional approaches to measure
quality (i.e. spectrophotometry and capillary electrophoresis) of little value.
Spectrophotometry cannot discriminate intact RNA from degraded nucleotides or genomic
DNA.
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Microfluidic electrophoresis systems such as the Agilent Bioanalyzer characterize the
ribosomal fraction of the RNA but do not give information about mRNA or the small
fragments that are measured by qPCR. The suitability of an RNA sample for a particular
application must be determined empirically. To that end, the CTOT consortium employs a
PCR-based method developed by the Cornell group to evaluate urine cDNA samples prior to
analysis. Using the standard curve method described in detail in the supplementary material,
the copies of 18S rRNA and TGFB1 are measured. Samples that contain a minimum of
5×107 copies/μg 18S and 100 copies/μg TGFB1 will have enough quantifiable transcripts to
be included in the analysis (R. Ding, unpublished); samples that do not meet this criteria are
excluded. Sites that adhere closely to the collection protocol typically have less than 15% of
their samples fail quality control.

In spite of its perceived shortcomings, RNA from urine samples yields quite reproducible
results. In this study we found that the inter-laboratory variability of our qPCR data was the
same for samples from blood and urine. We found no evidence that the pre-amplification
step or the quality of the RNA itself introduce additional variability into the analysis.
Previous clinical studies also point to the consistency of results obtained from urine
sediment RNA. Between 2001 and 2009, five separate groups using different methods
examined the expression of perforin and granzyme B mRNA in the urine sediment of renal
transplant patients undergoing acute rejection. The first of those studies (12) employed
competitive quantitative PCR, a method that preceded, and has been replaced by, real-time
PCR. Two of the groups (14, 16) used purified amplicons of each gene to construct
calibration curves, one used an 18S calibration curve (11), and two others the ddCt method
for quantification (25, 26). Gene expression was normalized to cyclophilin, HPRT, or
nothing at all. Yet in spite of these differences, all found perforin and granzyme B mRNA
expression to be upregulated in the urine of acutely rejecting subjects when compared to
those with stable graft function. However, the studies reached different conclusions about
whether this upregulation is able to distinguish acute rejection from infection.

Quantitative PCR analysis is notoriously difficult to standardize because of the many pre-
analytical steps involved and the cyclical magnification of variations along with template.
Similar inter-lab comparisons of qPCR to measure breast cancer markers and CMV and
EBV viral load reported initial variabilities ranging from 40% to 135% that were markedly
improved after implementation of calibrators, international standards, and strategies for data
harmonization (27–30). Similarly, we see many opportunities to improve our current
method, including optimization of cycling parameters, comparison of different master mix
formulations, and the investigation of RNA standards as reaction controls and inter-platform
calibrators (31). We anticipate this project will be the beginning of collaborative efforts
designed to enhance the further development and identification of non-invasive gene
expression tools for use in transplantation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Evaluation of urine RNA. Using reagents and samples prepared at site one, each laboratory
isolated RNA from three urine pellet samples for qPCR analysis. A) Nanodrop absorbance
spectra of 7 urine RNA samples isolated at site 1 illustrates typical appearance of urine
RNA. B) Agilent Bioanalyzer electropherogram of a representative urine RNA indicates
mostly small fragments of RNA; C) Nanodrop OD readings of the RNA isolated from urine
pellet 1 in each site, showing normal yield and purity for urine samples; D) qPCR analysis
of 3 urine pellet samples for 18S, and two samples for CXCL9, CXCL10, and IL8. All pre-
analytical steps were performed at the respective sites using centrally provided reagents.
Quantity and grand mean for each target and sample are plotted on a log scale. 18S sample 1
and CXCL10 samples 1 and 2 have one missing data point; all other samples show data
from 5 sites.
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Table 2

Comparison of standard curve to Ct measurements across all samples

A

quantity

sample type qty 18S-norm fold-change

blood 63 62 41

urine 63 66 23

B

CT

CT dCT ddCT

81 63 24

74 54 18

Overall interlab CVs for qPCR analysis of 5 target genes in 10 cDNA samples. Gene expression was measured using a standard curve to calculate
quantities (A) or by the ddCT method (B). The columns from left to right indicate the CV calculated for raw quantity (or CT), 18S-normalized
quantity (dCT), and fold-change (ddCT) with one blood sample and one urine sample chosen as calibrator. The variability between sites was
equivalent for blood and urine samples and for quantification strategy. In all cases, fold-change measurements were more similar between sites
than sample-specific measurements.
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Table 3

Multivariate analysis of qPCR results from multiple sites

A blood

site 1 site 2 site 3 site 4 site 5

site 1 1 0.9946 0.994 0.9794 0.9967

site 2 0.9946 1 0.9978 0.982 0.9983

site 3 0.994 0.9978 1 0.981 0.9984

site 4 0.9794 0.982 0.981 1 0.9804

site 5 0.9967 0.9983 0.9984 0.9804 1

B urine

site 1 site 2 site 3 site 4 site 5

site 1 1 0.9983 0.9982 0.9913 0.9997

site 2 0.9983 1 0.9971 0.9908 0.9984

site 3 0.9982 0.9971 1 0.9929 0.9989

site 4 0.9913 0.9908 0.9929 1 0.9911

site 5 0.9997 0.9984 0.9989 0.9911 1

Expression of 18S, IL8, CXCL9, CXCL10, PRF1, and GZMB were measured in identical blood and urine cDNA samples at 5 clinical sites using
different master mixes and PCR instruments Pearson correlations were calculated on CTs.
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