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Abstract

Background: Autosomal dominant polycystic kidney disease (ADPKD) is clinically heterogenic. Biomarkers are needed to
predict prognosis and guide management. We aimed to profile microRNA (miRNA) in ADPKD to gain molecular insight and
evaluate biomarker potential.

Methods: Small-RNA libraries were generated from urine specimens of ADPKD patients (N =20) and patients with chronic
kidney disease of other etiologies (CKD, N = 20). In this report, we describe the miRNA profiles and baseline characteristics.
For reference, we also examined the miRNA transcriptome in primary cultures of ADPKD cyst epithelia (N=10), normal adult
tubule (N=38) and fetal tubule (N =7) epithelia.

Results: In primary cultures of ADPKD kidney cells, miRNA cistrons mir-143(2) (9.2-fold), let-7i(1) (2.3-fold) and mir-3619(1)
(12.1-fold) were significantly elevated compared to normal tubule epithelia, whereas mir-1(4) members (19.7-fold), mir-
133b(2) (21.1-fold) and mir-205(1) (3.0-fold) were downregulated (P<0.01). Expression of the dysregulated miRNA in fetal
tubule epithelia resembled ADPKD better than normal adult cells, except let-7i, which was lower in fetal cells. In patient
biofluid specimens, mir-143(2) members were 2.9-fold higher in urine cells from ADPKD compared to other CKD patients,
while expression levels of mir-133b(2) (4.9-fold) and mir-1(4) (4.4-fold) were lower in ADPKD. We also noted increased
abundance mir-223(1) (5.6-fold), mir-199a(3) (1.4-fold) and mir-199b(1) (1.8-fold) (P<<0.01) in ADPKD urine cells. In ADPKD
urine microvesicles, miR-1(2) (7.2-fold) and miR-133a(2) (11.8-fold) were less abundant compared to other CKD patients (P<
0.01).

Conclusions: We found that in ADPKD urine specimens, miRNA previously implicated as kidney tumor suppressors (miR-1
and miR-133), as well as miRNA of presumed inflammatory and fibroblast cell origin (miR-223/miR-199), are dysregulated
when compared to other CKD patients. Concordant with findings in the primary tubule epithelial cell model, this suggests
roles for dysregulated miRNA in ADPKD pathogenesis and potential use as biomarkers. We intend to assess prognostic
potential of miRNA in a followup analysis.
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Introduction The diagnostic criteria for ADPKD are based on renal
. Lo . ) ultrasonography and a positive family history [1]. Ideally,
Autosomal dominant polycystic kidney disease (ADPKD) is biomarkers of disease progression should reflect short-term

characterized by unpredictable progression rate and incidence of
complications. Research of potential therapeutics is hampered by
lack of short-term surrogate markers of therapeutic effects.
Reduction in glomerular filtration rate is a late occurrence in
the course of the disease that manifests only after >60% of normal
renal parenchyma has sustained permanent damage.

changes in rate of cyst development, akin to blood pressure,
cholesterol and glycated hemoglobin measurements to predict
long-term benefits of respective medications. Accordingly, bio-
markers could be used to support early detection, assess
progression risk, monitor disease progression, identify factors
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involved in the disease pathogenesis, and inform on the success of
therapeutic interventions [2]. Currently, biomarkers for ADPKD
are lacking. Although there is an inverse association of GFR with
total kidney volume, significant inter-subject variation in this
relationship [3] limits its role as a biomarker for the individual
patient. Recently, NMR spectroscopy of urine small molecules
reliably discriminated ADPKD patients with moderately advanced
disease from ADPKD patients with end-stage renal disease,
patients with chronic kidney disease of other etiologies, and
healthy siblings. The prognostic potential of these profiles was not
studied [4].

MicroRNAs (miRNA) are small regulatory non-coding RNAs
expressed in plants and animals. miRNA primary transcripts (pri-
miRNA) are transcribed by RNA polymerase II from independent
promoters, or processed from intronic regions, and are thus
governed by regulatory mechanisms common to protein-coding
genes. Accordingly, abundance of miRNAs, like protein coding
mRNAs, i1s tuned both by cell-specific and cell non-specific
regulation. Some miRINA are ubiquitous, while others are strictly
limited to a cell type or lineage. Of approximately 600 known
human miRNAs [5], most of which are detectable by deep-
sequencing in a given cell type, only the highest expressed
miRNAs are able to exert regulation on their target mRNA
transcripts [6]. Developmental, physiologic and disease processes
can alter miRNA levels. In addition to human cells, miRNAs are
also found in body fluids. miRNA are released from cells, and are
protected from extracellular nuclease activity by the miRNA
ribonucleoprotein complex [7] or enclosing membrane vesicle [8].
Indeed, urine [9] has been used as source of protein biomarkers in
polycystic kidney disease. Several features favor a role for miRNAs
in biomarker discovery. Specifically, they can be assayed using
high throughput platforms, are relatively simple to analyze
compared to protein or mRNA profiling, and have been
occasionally found to outperform mRNA-based biomarker
discovery in cancer diagnosis [10,11].

Our broad aim in this study is to examine miRNAs in ADPKD
in an attempt to translate methodological advantages of miRNA
profiling to the need for biomarkers in assessment of disease
progression in ADPKD. miRNAs were profiled from nanogram
amounts of input total RNA in clinical biofluid specimens from
ADPKD patients and other chronic kidney disease (CKD) patients
using deep sequencing of multiplexed small-RNA ¢cDNA libraries.
In the current report, we describe the urine miRNA profiles in
relation to study group. In addition, since cystic proliferation of
tubular epithelial cells is pivotal in ADPKD, we profiled miRNA
in primary cultures of cyst-derived epithelial cells from ADPKD
explants and normal kidneys as a cell culture model for the disease.
We intend to evaluate prediction of kidney outcome by baseline
miRNA abundance in a followup study.

Subjects and Methods

Ethics Statement

This study was approved by the Institutional Review Boards of
the Rockefeller University Hospital and the Weill Medical College
of Cornell University. Clinical data and specimens were collected
after obtaining participants’ written informed consent.

Cell culture samples

Primary tubule epithelial cell cultures were derived from
microdissected renal tubules and explanted kidney tissues from
adults without parenchymal kidney disease prepared for transplant
donation but deemed unsuitable due to renal vascular structural
abnormalities (N=28) or early stage ADPKD (N=6, National
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Disease Research Interchange, Philadelphia); from surgical
nephrectomy of end stage kidneys from patients with ADPKD
(N =4, PKD Foundation, Kansas) or from normal fetal kidneys
after elective pregnancy termination (N=7, Anatomic Gift
Foundation, Philadelphia). Primary epithelial cells were grown to
confluence in cell-type-specific supplemented media according to
published techniques (Figure S1) [12-14]. Details of harvesting
and expression markers in specimens used in this study were
previously described [15]. RNA from immortalized tubular cells
[16] and podocytes [17] were obtained for additional perspective.

Urine specimens

We collected urine specimens from 20 patients with ADPKD
and 20 patients with CKD of other etiologies, matched for age,
sex, ethnicity/race and CKD stage (Table 1). Patients with active
mmmune disorders affecting the kidneys were excluded. This
component of the study is registered at ClinicalTrials.gov (identifier:
NCT01114594). ADPKD patients enrolled in this study were also
registered into an ongoing data repository (ClnicalTrials.gov
identifier: NCT00792155). Total RNA was extracted from
50 ml urine sediment cells and from the ensuing cell-free,
ultrafiltration-retained supernatant, a ~250-fold concentrate of
urine particles and macromolecules >100 kDa, thus including
vesicle-enclosed RNA (VS2042, Vivaproducts Inc., Littleton MA)
(see Figure $2). Small-RNA cDNA libraries were constructed and
sequenced with modifications for small amounts of input RNA.
Details of head-to-head comparison between precipitation-purified
and silica column-purified RNA are shown in Figure S3 [18].

Sequencing and annotation of small-RNA cDNA libraries

Extracted total RNA was subjected to barcoded adapter
ligation, and the reverse-transcribed small-RNA libraries were
deep sequenced on Illumina Genome Analyzer II, as previously
described [19]. The resulting sequence files were trimmed and
split into the separate samples according to the barcode sequences.
Extracted reads were assigned annotations by aligning to the
genome and small-RNA databases. For miIRNA annotation we
used contemporary in-house definitions [5].

We display miRNA according to our recently published
definitions [5]. Briefly, reads from multi-copy miRNA are summed
into single entries. For example, miR-24-1 and miR-24-2 are
represented by miR-24-1(2); the number in parenthesis symbolizes
the number of members. Alternatively, reads from miRNA that
share pri-miRNA cistronic transcription units are collapsed into
miRNA cistron (precursor) clusters. For example, cluster-mir-
23a(3) represents miR-23a, miR-24-2 and miR-27a. Lastly,
miRNA with extensive sequence similarity are collapsed into
sequence families. For example, miR-23a and miR-23b are
members of seqfam-miR-23a(2). For analysis of differential
expression we employ the cistron cluster arrangement, as cistron
cluster members are co-transcribed and their levels are thus highly
correlated [20]. However, when analyzing extracellular RNA
(urine exosomes), secretion into the biofluid and stability in the
biofluid affect miRNA levels, eliminating correlation between
cistron cluster members [19].

Statistical analysis

PASW 17.0 Statistics (www.spss.com) and the edgeR package
for RNA sequencing on R platform [21,22] were used for
statistical analyses. Patient characteristics were compared between
ADPKD and other-CKD groups using standard #tests. Individual
patient/sample miRNA data are displayed in supplementary
tables as counts derived from deep sequencing reads. In addition,
counts are aggregated according to miRNA sequence families and
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Table 1. Clinical characteristics of study patients and biochemical features of study specimens’.

Type of specimen N Gender Age, years eGFR, ml/min/1.73 m? CKD stage
M/F mean=SD [range] mean=SD [range] 1/2/3/4
Primary cultures ADPKD:10 n/a n/a n/a n/a
Normal: 8 n/a n/a n/a n/a
Fetal: 7 n/a n/a n/a n/a
Urine specimens ADPKD: 20 10/10 48+13 [25-70] 57+32 [20-130] 5/3/8/4
CKD:20 10/10 50+12 [29-69] 57+26 [20-102] 5/3/8/4

doi:10.1371/journal.pone.0086856.t001

precursor cluster cistrons and presented in the respective
supplementary tables (see above). Analyses of differential expres-
sion between ADPKD and non-ADPKD groups of samples were
conducted under the assumption that gene (miRNA) counts in
RNA deep sequencing data follow negative binomial distribution.
The R/Bioconductor statistical package edgeR was developed
with the negative binomial distribution assumption at its core. In
generalized linear negative binomial models fitted with edgeR, the
dependent variables are the genewise miRNA counts (expressed as
counts per million miRNA counts, CPM) while the independent
variable we included were disease group (e.g. ADPKD vs. other
CKD urine cell pellets) and patient sex (when relevant). Fold-
change values in miRNA abundance between the two groups of
samples are calculated as the ratio of mean CPM in ADPKD to
the mean CPM in the non-ADPKD group, and transformed to log
base 2. P-values for coefficients in the model are computed by
genewise likelthood ratio tests (or quasi-likelihood F-tests).
Dispersion, which reflects biological variation, is estimated using
the Cox-Reid method, and is inherent in the modeling procedure.
Thus, within group variability impacts the statistical inference.
Nominal P-values<<0.05 are considered significant, provided that
false detection rate (FDR) computed with the Benjamini-Hoch-
berg method is less than 0.2.

Results

We profiled miRNA in various specimens obtained from
ADPKD and non-ADPKD patients. Clinical and biochemical
characteristics of the study patients and samples are summarized

*, Abbreviations: eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; ADPKD, autosomal dominant polycystic kidney disease; n/a, not assessed or not applicable.

in Tables 1 and 2, and further described in Table S1 in File
S1.

Figure 1 provides an outline perspective of the abundant
miRNA across the study samples, aggregated by gender and
specimen type, and presented as a heatmap. In the following
sections, findings are depicted according to the type of specimen:
primary cultures of human kidney cyst-lining or normal tubular
epithelia as ex wviwo disease model; urine sediment cells; and
microvesicles retained following urine centrifugation and ultrafil-
tration.

MicroRNA content in primary cultures of renal tubule
epithelia

Small-RNA categorics were obtained from primary tubule
epithelial cell cultures grown from microdissected renal tubules of
adults (i) without parenchymal kidney disease (N = 8), (ii) with early
stage (pre-dialysisy ADPKD (N=6), (iii) end-stage ADPKD
kidneys (N=4), and from normal fetal kidneys (N=7) (Table
S1 in File S1). Based on the addition of defined amounts of
synthetic calibrator oligoribonucleotides [23], the miRNA content
in input total RNA was 5.8 fmol/ug (interquartile range (IQR)
3.5-7.9 fmol/pg), with no significant differences between study
groups.

miRNA profiles diverged in accordance with sample groups
(Figure S4). Sequence reads derived from let-7i(1) (2.3-fold), mir-
143(2) (9.1-fold) and mir-3619(1) (11.8-fold) were upregulated, and
mir-1(4) (20-fold), mir-133b(2) (20.8-fold) and mir-205(1) (3.1-fold)

cistron members were downregulated in primary cultures of cyst
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Table 2. Clinical characteristics of study patients and biochemical features of study specimens.
Type of
specimen Group Total RNA Total small RNA Total miRNA miRNA, fmol/ug Urine miRNA
ng/ml urine read counts/10° read counts/10° of total RNA fmol/l
Primary ADPKD n/a 1.0, 0.6-1.3 47,27-7.7 4.2,28-6.7 n/a
cultures Normal n/a 0.9, 0.9-1.1 5.1, 40-6.4 5.0, 3.2-9.5 n/a
Fetal n/a 1.3,1.2-13 5.6, 43-6.2 6.9, 6.0-7.9 n/a
Urine cells ADPKD 29, 14-11 3.5,2.2-49 8.4, 44-16 8.1, 4.2-14 30, 8.2-83
CKD 29,14-78 35,23-43 5.0, 2.7-13 74, 4.5-19 18, 5.6-163
Urine UF ADPKD 0.3,0.2-0.7" 0.48, 0.28-1.2 0.17, 0.12-0.26 6.4, 3.7-9.6" 1.8, 1.0-3.7
retentates CKD 0.6, 0.3-0.8 0.55, 0.24-1.2 0.17, 0.07-0.35 2.8, 2.2-4.0 1.8, 0.9-4.0
*, Abbreviations: CKD, chronic kidney disease; ADPKD, autosomal dominant polycystic kidney disease; UF, ultrafiltration; n/a, not assessed or not applicable.
**, P-value =0.056 (Mann-Whitney U test).
¥, P-value =0.02 (Mann-Whitney U test).
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Figure 1. Hierarchically clustered study samples grouped by
type and clinical characteristics. including additional non-study
specimens for reference (columns) and miRNA cistrons (rows). High
relative read frequency (log,-transformed) is indicated by bright yellow
shades; low frequencies in dark blue. Corresponding numerical data is
presented in the supplementary tables. Abbreviations: ADPKD, autoso-
mal dominant polycystic kidney disease; CKD, chronic kidney disease;
immort, immortalized; CPM, counts per million; F, female; M, male.
doi:10.1371/journal.pone.0086856.g001
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epithelial cells compared to normal kidney-derived cells (P-
values<<0.01, FDR<0.2) (Table 3) (scc Tables S2, S3, S4, S5
in File S1 for complete count data and miRNA cluster and
sequence family definitions). Resembling ADPKD-derived cells,
fetal cells had similarly lower levels of mir-1(4) and mir-133b(2)
members and higher levels of mir-143(2) and mir-3619(1)
members compared to normal adult tubular epithelial cells (P-
values<<0.05, FDR<0.2) (Table 3).

Segmental origin of the cultured cells, determined in all
specimens except end-stage ADPKD kidneys, e.g. proximal
straight tubule (PST), thick ascending limb (TAL) and collecting
duct (CT) had no impact upon miRNA profiles. However, cells
originating in cysts of end-stage ADPKD kidneys had higher
content of mir-21(1) (1.6-fold), mir-30a(4) (1.5-fold) and mir-101(2)
(3.2-fold) and lower content of mir-143(2) (10-fold), compared to
PST, TAL or CT-derived cells (P-values<<0.01, FDR<0.2). For
perspective, we provide miRNA profiles of immortalized kidney
epithelial cell lines of tubular and podocyte origin (Figure 1 and
sce Tables 86, S7, S8 in File S1 for details and differential
expression). None of the top 15 miRNA precursor clusters or top
40 miRNA sequence families were differentially expressed in
immortalized compared to primary cells (Table S8 in File S1),
suggesting that miRNA expression and regulatory function in
immmortalized cell lines may recapitulate their respective properties
in primary cultures of kidney epithelial cells. Presence of SV40-
miR-S1 and downregulation of miR-141/miR-200c in immortal-
ized cells were the most striking differences in miRNA profiles
compared to primary cells (Table S7 in File S1).

MicroRNA content in urine of ADPKD and other CKD

patients

We collected urine specimens from 20 patients with ADPKD
and 20 patients with chronic kidney disease (CKD) of other
etiologies, matched for age, sex, ethnicity/race and CKD stage
(Table 1). Yields of total RNA extracted from urine sediment cells
and from cell-free, ultrafiltration-retained supernatant specimens
(containing microvesicles) and small-RNA annotation categories
are summarized in Table 2 and Table S1 in File S1. In sediment
cell RNA, total RNA vyield (2.9 ng per ml of urine), small-RNA
annotation categories and calculated total miRNA content (7.4—
8.1 fmol per pg total RNA) did not differ by disease group or
gender. In cell-free ultrafiltration-retained material total RNA yields
were 2-fold lower, but miRINA content per pg total RNA were 2.3-
fold higher in ADPKD compared to non-ADPKD CKD
specimens, and thus molar miRNA concentrations were overall
similar; 68-104 fM (Table 2, and see also Table S1 in File S1).

Abundance of specific miRNA in urine cells and cell-free
ultrafiltration-retained specimens is depicted in Tables S9, S10,
S11, S12, S23, S14 in File S1. Compared with CKD of other
etiologies, in urine cells from ADPKD mir-143(2) cluster members
were upregulated, whereas mir-1(4) and related mir-133b(2) were
downregulated. Moreover, there was an increased relative
abundance of mir-223(1), mir-199a(3) and mir-199b(1) in ADPKD
(Table 4). In cell-free urine ultrafiltration-retained specimens,
relative abundance of mir-1(4) cistron members was lower in
ADPKD compared to other CKD patients (Table 5).

MicroRNA sequence variants in primary cultures of
normal, cyst-lining and fetal cells

We found 138 unique miRNA sequence variants across primary
culture specimens relative to the reference genome, according to
published criteria (Table 815 in File S1) [5]. Sequence variants
are predominantly due to RNA editing but may represent genetic
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Table 3. miRNA cistron clusters differentially expressed between ADPKD-derived and normal kidney-derived primary tubular

ADPKD (N =10) vs. normal adult (N=8)

fetal (N=7) vs. normal adult (N=8)

CPM (log,,) FC (log,) P-value FDR FC (logs) P-value FDR
cluster-hsa-let-7i(1) 4.1 12 3.7E-04 2.6E-02 -0.1 7.6E-01 8.9E-01
cluster-hsa-mir-143(2) 35 32 3.6E-03 1.5E-01 23 2.8E-02 1.2E-01
cluster-hsa-mir-205(1) 29 -1.6 9.1E-05 8.9E-03 1.9 5.0E-05 9.8E-04
cluster-hsa-mir-1-1(4) 2.8 —43 4.5E-04 2.6E-02 —5.8 2.0E-04 3.1E-03
cluster-hsa-mir-133b(2) 1.2 —44 2.9E-05 8.6E-03 —45 7.6E-05 1.4E-03
cluster-hsa-mir-3619(1) 0.8 3.6 8.1E-05 8.9E-03 20 3.6E-02 1.4E-01

doi:10.1371/journal.pone.0086856.t003

variation. Non-parametric analysis revealed that the relative
abundance of 9 sequence variants (related to 8 unique miRNAs)
was altered in primary ADPKD cells compared to normal cells (at
a=0.1, Figure 2A). A composite score derived from the relative
expression of these sequence variants (the score was defined as the
number of variants with expression above median minus number
of variants with expression below median) strongly discriminated
ADPKD from normal renal cells (Figure 2B; area under the
ROC curve 0.975, P=0.001). Intriguingly, relative expression of
sequence variants in urine sediment cell RNA (Table S16 in File
S1) followed similar trends for 6 of the 8 miRNA above, and a
similarly derived score discriminated ADPKD from other CKD
patients’ urine cells (Figure 2C; area under the ROC curve
0.713, P=0.037).

*, Cutoff for presentation in this table is p-value<<0.05 and FDR<0.2 in the ADPKD vs. normal comparison.

Mining of small-RNA reads to discover novel microRNA

Examination of sequence reads (21 to 23 nt length) that mapped
to the human genome but had no matching small-RNA
annotation in primary culture libraries (normal-, ADPKD- and
fetal-derived cells) revealed that no single sequence exceeded a
level corresponding to 0.02% of total miRNA (i.e., 200 reads per
million miRNA reads). A miRNA of this level typically ranks
~250 in abundance (namely, be outcompeted in terms of
argonaute occupancy and potential for target repression by
~250 higher-ranked miRNA). Thus, the existence of a previously
unidentified yet biologically important kidney tubule epithelial
miRNA is effectively ruled-out [6].

Discussion

In this study, we obtained expression profiles of miRNA in
ADPKD patient-derived primary cell cultures and urine RNA.
Sequence profiles were generated by sequencing of multiplexed
small-RNA cDNA libraries constructed in-house from as low as
5 ng total RNA per sample. This technical achievement has not
been reported with currently available commercial kits [24,25].
Advantages of multiplexing include shorter processing time, less
labor-intensive, lower sequencing costs (we estimate 25 USD per
sample for reagents and sequencing at 5 Mio reads/sample plus 75
USD per sample for labor), minimization of batch effects and thus
improving the prospects for clinical research utility [23].

We studied primary cultures of epithelial cells lining ADPKD
cysts as a basic model of the disease [12,14,26]. Similar cell
systems were also reported to harbor phenotypic differences

Table 5. Mature miRNA differentially expressed between
ADPKD (N=20) and other CKD (N =20) patient urine
exosomal preparations’.

log,0CPM log,FC P-value FDR
hsa-miR-133a(2) 43 —4.0 5.0E-04 3.9E-02
hsa-miR-1(2) 4.1 -3.1 6.8E-04 3.9E-02
hsa-miR-671 4.0 1.9 6.3E-03 2.4E-01
hsa-miR-378 4.0 —-1.6 1.4E-02 3.9E-01
hsa-miR-221 3.8 1.1 3.5E-02 7.9E-01
hsa-miR-98 2.7 —34 4.7E-02 8.7E-01

Table 4. miRNA cistron clusters differentially expressed
between ADPK*D (N=20) and other CKD (N = 20) patient urine
sediment cells .

log,0CPM log,FC  P-value FDR
cluster-hsa-mir-223(1) 4.6 25 1.3E-06 1.7E-04
cluster-hsa-mir-142(1) 39 13 3.8E-03 5.8E-02
cluster-hsa-mir-143(2) 34 1.6 1.6E-04 6.9E-03
cluster-hsa-mir-133b(2) 33 -23 3.2E-03 5.2E-02
cluster-hsa-mir-652(1) 3.1 0.9 6.3E-03 9.1E-02
cluster-hsa-mir-338(1) 26 1.9 2.7E-05 2.2E-03
cluster-hsa-mir-450a-1(4) 2.5 1.2 4.4E-04 1.1E-02
cluster-hsa-mir-199a-1(3) 2.5 1.4 1.2E-03 2.5E-02
cluster-hsa-mir-199b(1) 24 1.8 7.8E-05 4.8E-03
cluster-hsa-mir-582(1) 2.4 1.6 2.7E-04 8.3E-03
cluster-hsa-mir-3613(1) 2.1 1.0 1.0E-02 1.4E-01
cluster-hsa-mir-1-1(4) 2.0 -2.1 3.6E-04 9.8E-03
cluster-hsa-mir-618(1) 18 15 2.7E-03 4.8E-02
cluster-hsa-mir-2115(1) 1.6 1.4 2.3E-04 7.9E-03
cluster-hsa-mir-873(2) 15 12 1.7E-03 3.2E-02
cluster-hsa-mir-2355(1) 1.5 1.9 1.4E-06 1.7E-04
cluster-hsa-mir-551a(1) 1.2 1.8 1.7E-04 6.9E-03
cluster-hsa-mir-139(1) 1.1 -14 1.1E-03 2.4E-02
cluster-hsa-mir-370(1) 0.8 -19 1.5E-02 2.0E-01
*, Cutoff for presentation in this table is p-value<0.05 and FDR<O0.2.
doi:10.1371/journal.pone.0086856.t004
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*, Cutoff for presentation in this table is p-value<0.05.
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Figure 2. miRNA sequence variants that were found to be differentially expressed between ADPKD and non-ADPKD specimens. (A)
miRNA sequence variants that were found to be differentially expressed between ADPKD cyst-derived primary cultures and normal adult kidney
derived cultures (see complete list in Table S15 in File S1). (B) Box plot showing a composite score derived from the information in (A). The median
frequency of each miRNA variant across the samples was used to generate the score; 1 point was added (or reduced) for each miRNA variant with
frequency above (or below) the median frequency. (C) Bar plot showing a composite score derived in a manner similar to (B) from patient’ urine
sediment cell sequence data (contributing miRNA variants are depicted in Table S16 in File S1).

doi:10.1371/journal.pone.0086856.9g002

compared to normal cells, such as higher rates of proliferation,
secretion and cell-matrix adhesion, decreased cell migration and
abnormal polarization of specific membrane proteins such as
EGFR [27-29]. Examination of miRNA profiles generated from
these cells showed modest differences between ADPKD and
normal renal epithelial cells. These differences were to an extent
reminiscent of changes seen between normal fetal and adult cells.
In line with the previously reported failure to switch-off fetal
proteins [30], this finding may point to transcriptional alterations
that contribute to the pathogenesis of cyst formation.

Compared to normal cells, ADPKD and fetal cells had lower
levels of mir-1(4) and mir-133b(2) and higher levels of mir-143(2)
and mir-3619(1) members. mir-143(2) members (predominantly
miR-145) are highly abundant throughout the urinary tract,
particularly in the lower segments. In contrast, mir-1(4) and mir-
133b(2) are not abundantly expressed in kidneys (see below).
Nonetheless, mir-1(4) and mir-133b(2) were reportedly downreg-
ulated in renal cell carcinoma (RCC) specimens and cell lines, and
transfection experiments suggested that these clusters of miRNAs
may be tumor suppressive in the kidney [31]. While epidemio-
logical data do not demonstrate that patients with ADPKD bear
an increased risk for RCC [32], a recent surgical specimen-based
study showed 5% prevalence of RCC in ADPKD ([33]. It is thus
intriguing that in cultures of both fetal tubule cells and in cells
obtained from ADPKD cysts, levels of mir-1(4) and mir-133b(2)
cluster members were consistently lower (~25-60-fold) than in
normal kidney cells, in which they constituted ~0.19% of all

PLOS ONE | www.plosone.org

miRNA (ranking 41 of 350 detectable miRNA clusters). It should
be noted that mir-1(4) and mir-133b(2) have crucial roles in muscle
development. Transcription of mir-1(4) clusters is regulated by
prototypical myocyte differentiation factors [34] and mir-1(4)
members inhibit cardiomyocyte growth and proliferation [35]. In
our miRNA expression database, respective abundance of mir-1(4)
and mir-133b(2) was 27.2% and 0.18% in fetal heart; 19.4% and
0.14% in adult heart; and 54.1% and 2.3% in adult skeletal muscle
(Williams Z and Tuschl T, unpublished). In light of these
abundance data, the functional importance of mir-1(4) and mir-
133b(2) members in kidney cells, in which their level of expression
is ~100-fold lower than myocytes, remains to be clarified.

We hypothesized that transcriptome-wide urine miRNA profiles
would differ between ADPKD and other chronic kidney diseases,
and that alterations discovered in the primary culture model may
be recapitulated in the patient specimens. Indeed, abundance of
specific miRNA in cellular and extracellular (exosome) specimens
differed in ADPKD and non-ADPKD patients. Increased levels of
mir-143(2) (urine cells) and decrease in mir-1(4) and mir-133b(2)
members (urine cells and extracellular RNA) were found in
ADPKD patients, extending the findings from primary cultures to
clinical specimens. mir-499(1), albeit rare in kidney cells, was also
significantly lower in ADPKD cell-free urine RNA compared to
non-ADPKD specimens. miR-499 is encoded within an intron of
the sarcomeric myosin gene, Myh7b [36], providing an additional
link between ADPKD and suppression of muscle-enriched

miRNA.
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We observed higher levels of the lymphocyte/monocyte
associated miR-223 and fibroblast-enriched miR-199a and miR-
199b in ADPKD urine specimens. Monocyte infiltration [37-39]
and myofibroblast transition [40] have been implicated in the
pathogenesis of ADPKD. Moreover, increased levels of urine
monocyte chemoattractant protein-1 (MCP1), possibly secreted by
cyst epithelium, has been shown to precede increases in serum
creatinine in ADPKD [41] is a potential biomarker [42]. This
implies that participation of these cell types in the pathogenic
process can be detected and monitored by examining spot urine
samples.

In addition to analyzing differential expression (also possible
with RT-PCR and hybridization-based profiling methods), we
made use of information uniquely attainable by RNA sequencing.
In primary culture profiles, we searched for yet undiscovered
human miRNA. However, since miRNA action depends on
stoichiometric interaction with their mRNA targets, exceedingly
rare miRNA, even if processed and handled as prototypical
miRNA, are unlikely to convey detectable post-transcriptional
regulation. A study employing large-scale miRNA decoy and
sensing libraries combined with RNA sequencing showed that only
the most abundant miRNAs in a cell mediate target suppression
and that ~60% of detected miRNAs had no discernible activity
[6]. The authors proposed that miRNAs expressed at levels below
1,000 reads per million (RPM, namely 0.1% of all miRNA) do not
mediate substantial regulation on natural targets. Accordingly, our
finding that no un-annotated sequence in the cultured cell libraries
surpassed 200 RPM practically rules-out the existence of
unidentified miRNA likely to mediate target suppression in kidney
tubule epithelium. Conversely, similar considerations support a
functional role for mir-1(4) and mir-133b(2) members in normal
kidney epithelial cells, in which they are present at ~1,900 RPM
(0.19%), see above.

Genome-encoded and post-transcriptional — alterations in
miRNA sequence have bearings on miRNA stability and target
repression [43], and may contribute to the biomarker potential of
miRNA profiling. We mined our small-RINA libraries for variation
in miRNA sequence and found evidence for previously reported
miRNA SNPs and both reported and unreported RNA modifi-
cations. A subgroup of these modifications was associated with
disease etiology in both primary cultures and urine sediment cells.
These findings represent another unique advantage of RNA
sequencing in the process of biomarker discovery.

Conclusion

We profiled miRNA in ADPKD and non-ADPKD-derived
kidney epithelial cells and in two sets of ADPKD and non-
ADPKD patient urine specimens. We propose a role for repression
of mir-1(4) and mir-133b(2) members in the pathogenesis of
ADPKD, and for their potential use as biomarkers for monitoring
disease progression and response to evolving treatments. However,
prospective, longitudinal studies of these miRNA members are
required to establish their role as biomarkers of ADPKD. Indeed,
we intend to examine prediction of ADPKD progression in a
followup longitudinal study of the study participants reported
herein. We also suggest that enrichment of monocyte- and
fibroblast-specific miRINA in urine from ADPKD patients’ urine
supports their role in disease progression. Finally, we have
demonstrated the feasibility of multiplexed small-RNA c¢DNA
library preparation and sequencing from nanogram-scale input
total RNA, and its utility in generating research hypotheses and in
the process of biomarker discovery.
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Supporting Information

Figure S1 Phase contrast images of confluent normal
renal tubule and ADPKD cystic epithelial cell monolay-
ers. (A) primary fetal, (B) primary adult, (C) primary early
ADPKD and (D) primary end-stage ADPKD.

(EPS)

Figure S2 Electron micrographs of a representative
urine ultrafiltration retentate specimen showing vesic-
ular structures of different sizes; uranyl-acetate (‘negative’)
stain.

(EPS)

Figure S3 Parallel miRNA profiling from selected split
urine ultrafiltration retentate samples. (exosome prepara-
tions). (A) Experimental design — urine specimens were homog-
enized with TRIzol LS (Life Technologies — Invitrogen), RNA was
extracted with chloroform, and the aqueous phase split and
subjected to either isopropanol precipitation or miRNeasy silica
column purification (Qiagen). For precipitation, glycogen (15 pg)
was added prior to isopropanol, and precipitation carried out
overnight at —20°C. (B) Differentially extracted miRNA (silica
column vs. isopropanol precipitation) as determined with edgeR
[22] by adjusting for specimen (blocking factor). Seven miRNA
were differentially extracted at P-value<<0.05; however, false
detection rate (FDR) was >0.2 in all cases. Six of seven miRNA
were enriched in column purifications compared to precipitation.
Average GC content of enriched miRNA was 51% (range 36 to
68%), and average minimum free energy of optimal secondary
structure —2.0 kcal/mol (range —3.5 to 0 kcal/mol). As opposed
to Kim YK et al [18], we did not observe depletion of miR-141 or
other miRNA with low GC content and stable secondary
structure. We suggest that prolonged incubation in the presence
of glycogen as co-precipitant may account for relatively more
efficient recovery of these miRINA by isopropanol precipitation in
our study [18].

(EPS)

Figure S4 miRNA profiles in primary cultures of renal
tubule epithelia. (a) Hierarchically clustered samples (columns)
and miRNA cistrons (rows). High relative read frequency (log2-
transformed) is indicated by bright yellow shades; low frequencies
in dark blue. Selected miRNA cistrons are color-shaded to denote
dysregulation in ADPKD-descended cultures. (b) MA plot
generated showing miRNA cistron differential expression between
normal adult kidney and ADPKD cyst-derived epithelial cultures
(R/Bioconductor; ‘edgeR’ package). (c) Multidimensional scaling
(MDS) plot of primary culture samples according to miRNA
cistron expression profiles (R/Bioconductor; ‘limma’ package).

(EPS)

File S1 Contains. Table S1. Small RNA annotation
categories across types of study samples, given as
percentage of all post-filtering reads. Table S2. Tuschl
lab miRNA group definitions. Table S3. Merged mature
miRNA profiles of primary kidney cell cultures. Table
S4. miRNA precursor (cistron) cluster profiles of
primary kidney cell cultures. Table S5. miRNA sequence
family profiles of primary kidney cell cultures. Table S6.
Merged mature miRNA profiles of pooled primary and
immortalized kidney cell cultures. Table S7. miRNA
precursor (cistron) profiles of pooled primary and
immortalized kidney cell cultures. Table S8. miRNA
sequence family profiles of pooled primary and immor-
talized kidney cell cultures. Table S9. Merged mature
miRNA profiles of patients’ urine sediment cells. Table
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S$10. iRNA precursor (cistron) cluster profiles of pa-
tients’ urine sediment cells. Table S11. miRNA sequence
family profiles of patients’ urine sediment cells. Table
S$12. merged mature miRNA profiles of patients’ urine
exosome preparations. Table S13. miRNA precursor
(cistron) cluster profiles of patients’ urine exosome
preparations. Table S14. miRNA sequence family pro-
files of patients’ urine exosome preparations. Table S15.
miRNA sequence variants in profiles generated from
primary kidney cell cultures. Table S16. miRNA se-

References

1.

20.

21.

Pei Y, Obaji J, Dupuis A, Paterson AD, Magistroni R, et al. (2009) Unified
criteria for ultrasonographic diagnosis of ADPKD. J Am Soc Nephrol 20: 205
212.

. Myrvang H (2011) Polycystic kidney disease: Urinary fingerprints unique to

patients with ADPKD. Nat Rev Nephrol 7: 244.

Grantham JJ, Torres VE, Chapman AB, Guay-Woodford LM, Bae KT, et al.
(2006) Volume progression in polycystic kidney disease. The New England
journal of medicine 354: 2122-2130.

Gronwald W, Klein MS, Zeltner R, Schulze BD, Reinhold SW, et al. (2011)
Detection of autosomal dominant polycystic kidney disease by NMR
spectroscopic fingerprinting of urine. Kidney Int 79: 1244-1253.

. Farazi TA, Horlings HM, Ten Hoeve JJ, Mihailovic A, Halfwerk H, et al. (2011)

MicroRNA sequence and expression analysis in breast tumors by deep
sequencing. Cancer research 71: 4443-4453.

. Mullokandov G, Baccarini A, Ruzo A, Jayaprakash AD, Tung N, et al. (2012)

High-throughput assessment of microRNA activity and function using micro-
RNA sensor and decoy libraries. Nat Meth 9: 840-846.

. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, et al. (2011)

Argonaute2 complexes carry a population of circulating microRNAs indepen-
dent of vesicles in human plasma. Proceedings of the National Academy of
Sciences of the United States of America 108: 5003-5008.

. Fleissner F, Goerzig Y, Haverich A, Thum T (2012) Microvesicles as novel

biomarkers and therapeutic targets in transplantation medicine. American
journal of transplantation : official journal of the American Society of
Transplantation and the American Society of Transplant Surgeons 12: 289-297.

. Kistler AD, Mischak H, Poster D, Dakna M, Wuthrich RP, et al. (2009)

Identification of a unique urinary biomarker profile in patients with autosomal
dominant polycystic kidney disease. Kidney international 76: 89-96.

. LuJ, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, et al. (2005) MicroRNA

expression profiles classify human cancers. Nature 435: 834-838.

. Rosenfeld N, Aharonov R, Meiri E, Rosenwald S, Spector Y, et al. (2008)

MicroRNAs accurately identify cancer tissue origin. Nature biotechnology 26:
462-469.

. Wilson PD (1991) Monolayer cultures of microdissected renal tubule epithelial

segments. J Tiss Culture Methods 13: 137-142.

. Wilson PD, Dillingham MA, Breckon R, Anderson RJ (1985) Defined human

renal tubular epithelia in culture: growth, characterization, and hormonal
response. The American journal of physiology 248: F436-443.

. Wilson PD, Schrier RW, Breckon RD, Gabow PA (1986) A new method for

studying human polycystic kidney disease epithelia in culture. Kidney Int 30:
371-378.

. Wilson PD, Devuyst O, Li X, Gatti L, Falkenstein D, et al. (2000) Apical plasma

membrane mispolarization of NaK-ATPase in polycystic kidney disease epithelia
is associated with aberrant expression of the beta2 isoform. Am J Pathol 156:
253-268.

Rohatgi R, Battini L, Kim P, Israeli S, Wilson PD, et al. (2008)
Mechanoregulation of intracellular Ca2+ in human autosomal recessive
polycystic kidney disease cyst-lining renal epithelial cells. Am J Physiol Renal
Physiol 294: F890-899.

Saleem MA, O’Hare M]J, Reiser J, Coward RJ, Inward CD, et al. (2002) A
conditionally immortalized human podocyte cell line demonstrating nephrin and
podocin expression. Journal of the American Society of Nephrology : JASN 13:
630-638.

. Kim YK, Yeo J, Kim B, Ha M, Kim VN (2012) Short structured RNAs with low

GC content are selectively lost during extraction from a small number of cells.
Molecular cell 46: 893-895.

. Williams Z, Ben-Dov IZ, Elias R, Mihailovic A, Brown M, et al. (2013)

Comprehensive profiling of circulating microRNA via small RNA sequencing of
c¢DNA libraries reveals biomarker potential and limitations. Proceedings of the
National Academy of Sciences of the United States of America 110: 4255-4260.
Landgraf P, Rusu M, Sheridan R, Sewer A, Iovino N, et al. (2007) A
mammalian microRNA expression atlas based on small RNA library
sequencing. Cell 129: 1401-1414.

Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26: 139-140.

PLOS ONE | www.plosone.org

Urine miRNA in ADPKD

quence variants in profiles generated from patients’
urine sediment cells.

(XLS)

Author Contributions

Conceived and designed the experiments: IZB HR JDB TT. Performed the
experiments: IZB YCT. Analyzed the data: IZB PM. Contributed
reagents/materials/analysis tools: PDW PM. Wrote the paper: IZB.
Revised the manuscript: PDW HR JDB TT.

22.

28.

29.

30.

36.

37.

38.

39.

40.

41.

42,

McCarthy DJ, Chen Y, Smyth GK (2012) Differential expression analysis of
multifactor RNA-Seq experiments with respect to biological variation. Nucleic
Acids Res 40: 4288-4297.

. Hafner M, Renwick N, Brown M, Mihailovic A, Holoch D, et al. (2011) RNA-

ligase-dependent biases in miRNA representation in deep-sequenced small RNA
cDNA libraries. RNA 17: 1697-1712.

. Muthukumar T, Dadhania D, Ding R, Snopkowski C, Naqvi R, et al. (2005)

Messenger RNA for FOXP3 in the Urine of Renal-Allograft Recipients. The
New England journal of medicine 353: 2342-2351.

. Hanke M, Kausch I, Dahmen G, Jocham D, Warnecke JM (2007) Detailed

Technical Analysis of Urine RNA-Based Tumor Diagnostics Reveals ETS2/
Urokinase Plasminogen Activator to Be a Novel Marker for Bladder Cancer.

Clin Chem 53: 2070-2077.

5. Wilson PD (2009) In vitro methods in Renal Research. In: E. D. . Avner, W. .

Harmon and P. . Niaudet, editors. Pediatric Nephrology. Lippincott Williams &
Wilkins.

. Wilson PD (2004) Polycystic kidney disease: new understanding in the

pathogenesis. The international journal of biochemistry & cell biology 36:
1868-1873.

Wilson PD (2001) Polycystin: new aspects of structure, function, and regulation.
J Am Soc Nephrol 12: 834-845.

Wilson PD (2004) Polycystic kidney disease. The New England journal of
medicine 350: 151-164.

Burrow CR, Devuyst O, Li X, Gatti L, Wilson PD (1999) Expression of the
beta2-subunit and apical localization of Na+-K+-ATPase in metanephric
kidney. The American journal of physiology 277: F391-403.

. Kawakami K, Enokida H, Chiyomaru T, Tatarano S, Yoshino H, et al. (2012)

The functional significance of miR-1 and miR-133a in renal cell carcinoma.
Eur J Cancer 48: 827-836.

Orskov B, Sorensen VR, Feldt-Rasmussen B, Strandgaard S (2012) Changes in
causes of death and risk of cancer in Danish patients with autosomal dominant
polycystic kidney disease and end-stage renal disease. Nephrol Dial Transplant
27: 1607-1613.

Jilg CA, Drendel V, Bacher J, Pisarski P, Neeff H, et al. (2013) Autosomal
Dominant Polycystic Kidney Disease: Prevalence of Renal Neoplasias in
Surgical Kidney Specimens. Nephron Clin Pract 123: 13-21.

. Zhao Y, Samal E, Srivastava D (2005) Serum response factor regulates a muscle-

specific microRNA that targets Hand2 during cardiogenesis. Nature 436: 214—
220.

. Meder B, Katus HA, Rottbauer W (2008) Right into the heart of microRNA-

133a. Genes & development 22: 3227-3231.

van Rooij E, Quiat D, Johnson BA, Sutherland LB, Qi X, et al. (2009) A family
of microRNAs encoded by myosin genes governs myosin expression and muscle
performance. Developmental cell 17: 662-673.

Karihaloo A, Koraishy F, Huen SC, Lee Y, Merrick D, et al. (2011)
Macrophages promote cyst growth in polycystic kidney disease. J Am Soc
Nephrol 22: 1809-1814.

Swanson MS, Dreyfuss G (1988) Classification and purification of proteins of
heterogeneous nuclear ribonucleoprotein particles by RNA-binding specificities.
Mol Cell Biol 8: 2237-2241.

Ta MH, Harris DC, Rangan GK (2013) Role of interstitial inflammation in the
pathogenesis of polycystic kidney disease. Nephrology (Carlton) 18: 317-330.
Schieren G, Rumberger B, Klein M, Kreutz C, Wilpert J, et al. (2006) Gene
profiling of polycystic kidneys. Nephrol Dial Transplant 21: 1816-1824.
Zheng D, Wolfe M, Cowley BD Jr, Wallace DP, Yamaguchi T, et al. (2003)
Urinary excretion of monocyte chemoattractant protein-1 in autosomal
dominant polycystic kidney disease. ] Am Soc Nephrol 14: 2588-2595.

Meijer E, Boertien WE, Nauta FL, Bakker SJ, van Oeveren W, et al. (2010)
Association of urinary biomarkers with disease severity in patients with
autosomal dominant polycystic kidney disease: a cross-sectional analysis.
Am J Kidney Dis 56: 883-895.

Slaby O, Bienertova-Vasku J, Svoboda M, Vyzula R (2012) Genetic
polymorphisms and microRNAs: new direction in molecular epidemiology of
solid cancer. Journal of cellular and molecular medicine 16: 8-21.

January 2014 | Volume 9 | Issue 1 | e86856



