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Am J Physiol Renal Physiol 312: F982–F991, 2017. First published
January 11, 2017; doi:10.1152/ajprenal.00569.2016.—MicroRNAs
(miRNAs) are noncoding RNAs that regulate posttranscriptional gene
expression. In this study we characterized the circulating and urinary
miRNA pattern associated with reduced glomerular filtration rate,
using Affymetrix GeneChip miR 4.0 in 28 patients with chronic
kidney disease (CKD). Top miRNA discoveries from the human
studies were validated in an Alb/TGF� mouse model of CKD, and in
rat renal proximal tubular cells (NRK52E) exposed to TGF�1. Plasma
and urinary levels of procollagen III N-terminal propeptide and
collagen IV were elevated in patients with decreased estimated glo-
merular filtration rate (eGFR). Expression of 384 urinary and 266
circulatory miRNAs were significantly different between CKD pa-
tients with eGFR �30 vs. �30 ml·min�1·1.73 m�2. Pathway analysis
mapped multiple miRNAs to TGF� signaling-related mRNA targets.
Specifically, Let-7a was significantly downregulated, and miR-130a
was significantly upregulated, in urine of patients with eGFR �30;
miR-1825 and miR-1281 were upregulated in both urine and plasma
of patients with decreased eGFR; and miR-423 was significantly
downregulated in plasma of patients with decreased eGFR. miRNA
expression in urine and plasma of Alb/TGF� mice generally resem-
bled and confirmed most, although not all, of the observations from
the human studies. In response to TGF�1 exposure, rat renal proximal
tubular cells overexpressed miR-1825 and downregulated miR-423.
Thus, miRNA are associated with kidney fibrosis, and specific urinary
and plasma miRNA profile may have diagnostic and prognostic utility
in CKD.
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MICRORNAS (miRNAs) are small, noncoding RNAS that exert
posttranscriptional control of gene expression. MiRNAs par-
ticipate in a wide range of biological processes, including cell
cycle, apoptosis, cell differentiation, and epithelial-mesenchy-
mal transition (EMT) (2). The latter is the mechanism by which

injured tubular epithelial cells transform into mesenchymal
cells that contribute to the development of fibrosis (13, 16).
Fibrosis is characterized by imbalance in matrix formation and
degradation, which leads to excessive accumulation of extra-
cellular matrix (ECM) (9, 21). miRNAs regulate kidney fibro-
sis through direct repression and/or expression of matrix genes
and through transforming growth factor (TGF)� signaling (5,
6, 15, 36). Tissue changes in the expression levels of specific
miRNAs are reflected in their plasma levels, suggesting that
miRNAs may serve as noninvasive markers of disease pro-
cesses (24). Furthermore, preliminary evidence indicates that
circulating miRNAs could regulate cells and organs distant
from the site of origin (35).

In this study, we examined the circulating and urinary
miRNA profile associated with decreased glomerular filtration
rate (GFR) in patients with chronic kidney disease (CKD),
using Affymetrix GeneChip microRNA 4.0 arrays. The path-
ological significance of top miRNA discoveries from the hu-
man studies were validated in an in vitro cell system and in an
animal model of CKD.

MATERIALS AND METHODS

Discovery Studies in CKD Patients

Sample collection. The study was approved in advance by the
George Washington University Institutional Review Board for human
research, and all subjects provided informed written consent. The
electronic medical record system was used to prescreen and select 28
CKD patients with a minimum follow-up of six months. The exclu-
sion criteria were acute kidney injury, active infection, cirrhosis, class
III or IV heart failure, human immunodeficiency virus or hepatitis B
or C infection, cancer, active or recent immunosuppression, polycystic
kidney disease, or pregnancy. Venous blood was collected from all
patients and processed immediately to obtain plasma, which was
aliquoted and stored at �80°C until analysis. Midday urine samples
were obtained and processed within 2 h. Processing involved centrif-
ugation at 2,000 g for 10 min. The supernatant was removed and
stored at �80°C until analysis. Clinical data including serum creati-
nine and 24-h urine protein were recorded. GFR was estimated
(eGFR) using the abbreviated Modification of Diet in Renal Disease
equation (18).

Measurement of biomarkers of fibrosis. Procollagen III NH2-ter-
minal propeptide (PIIINP) concentrations in plasma and urine were
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measured using high-sensitivity ELISA (Cloud-Clone, TX). The inter-
and intra-assay coefficients of variation are �12 and �10%, respec-
tively. Plasma and urine concentrations of type IV collagen were
measured using a highly sensitive one-step sandwich enzyme immu-
noassay kit (Echelon Biosciences. UT). The intra- and interassay
coefficients of variation were 4.1 and 5.7%, respectively. The urinary
concentrations of creatinine were simultaneously measured by the
Jaffe method, using the Creatinine Parameter Assay Kit (R&D Sys-
tems, MN). The urinary excretion levels of PIIINP and type IV
collagen were expressed as micrograms per gram of creatinine. All
procedures were performed according to the instructions provided by
the manufacturers.

miRNA profiling. Plasma and urine exosome miRNAs were isolated
using Exosome miRNA isolation kits (Norgen Biotek, Thorold, ON,
Canada) according to the manufacturer’s protocol. In brief, miRNA
was extracted from 1 ml of urine and 0.5 ml of plasma that had been
stored at �80°C. RNA extractions were eluted in 100 �l of 2H2O and
stored at �80°C until use. The quantity and quality of the miRNA
extractions were determined by the Agilent Bioanalyzer 2100 with a
small miRNA chip for exosomal miRNA (Agilent Technologies,
Columbia, MD). miRNA yields were normalized to nanograms of
RNA per milliliter of plasma or urine. RNA was labeled with
anAffymetrix FlashTag Biotin HSR RNA Labeling Kit (Affymetrix,
Santa Clara, CA) according to standard procedures. Labeled RNA was
hybridized to Affymetrix GeneChip microRNA 4.0 arrays and run
using a Fluidics Station 450 protocol (FS450_002; Affymetrix). Re-
sultant array data will be deposited in NCBI’s Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo) per GEO guidelines.
Affymetrix CEL files were analyzed in Expression Console using
RMA�DMBG (Affymetrix) and then exported to Partek Genomics
Suite for further analyses (Partek, St. Louis, MO). Only mature human
miRNAs were retained for all downstream analyses. Top miRNA
discoveries were validated by qRT-PCR.

qRT-PCR. A TaqMan MicroRNA Reverse Transcription kit and
Universal Mater Mix II (Applied Biosystems, Foster City, CA) were
used for quantitative RT-PCR assays of selected miRNA, as described
by the manufacturer. For RT reactions, 10 ng of RNA, 1� target-
specific RT primer, 3.33 U/ml reverse transcriptase, 3.8 units RNAse
inhibitor, 0.15 mM dNTPs, and 1� reaction buffer were run in a total
reaction volume of 15 �l and incubated at 16°C for 30 min, 42°C for
30 min, and 85°C for 5 min in a thermocycler (Applied Biosystems).
Real-time PCR was performed using an Applied Biosystems 7900HT
Sequence Detection System in a 10-�l PCR mixture containing 4.5 �l
of RT product, 2� TaqMan Universal PCR Master Mix II, 20�
TaqMan Assay, and water to adjust the final volume to 10 �l. All
reactions were incubated in a 96-well plate at 95°C for 10 min
followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min; all
were performed in triplicate. Relative miRNA expression levels
were compared via the 2���Ct method (20). U6B small nuclear
RNA gene (RNU6B, Applied Biosystems) was used as an endog-
enous control (28).

Validation Experiments

The top miRNAs from discovery studies were chosen for validation
based on statistical significance and biological plausibility.

Alb/TGF� Mouse Model of CKD

Alb/TGF�1 mice were established and characterized as previously
described (14, 26). Mouse care was performed under a protocol
approved in advance by the NIDDK Animal Care and Use Committee
and adhered to the Public Health Service Policy on Humane Care and
Use of Laboratory Animals (revised 2002) and the NIH Animal
Research Advisory Committee Guidelines, which govern the care of
animals in the NIH Intramural Research Program. Male C57BL/6J X
CBA F1 mice were used as wild-type (WT) controls. Plasma was
collected by retroorbital bleeding, and random urine collections were

obtained from male mice at 6 wk of age, either carrying the transgene
(n 	 9) or WT controls (n 	 5). Urine and plasma miRNAs were
extracted as described above.

In Vitro Cell Model

The rat renal proximal tubular cell line (NRK52E) was obtained
from the American Type Culture Collection and grown in DMEM-LG
containing 5% FCS. Prior to TGF�1 stimulation, the medium was
changed to DMEM supplemented with 0.5% FCS, and TGF�1 (R&D
Systems) was subsequently added to the medium at 10 ng/ml on the
next day for 4 days. The concentration of TGF� used is based on
previous studies (40). Flow cytometry analysis was used to measure
expression of E-cadherin, and qRT- PCR was used to determine the
expression levels of miRNAs of interest. E-cadherin serves as a
pivotal molecule in EMT and fibrosis (39). Briefly, miRNA was
purified from NRK-52E cells, using a PureLink miRNA Isolation Kit
(Invitrogen, Carlsbad, CA), and potentially contaminating genomic
DNA was digested by RNAse-free DNAse according to the manufac-
turer’s protocol.

Statistical Analyses

Descriptive statistics for selected demographic and clinical charac-
teristics of the study population stratified by eGFR was generated.
Student’s t-test was used for two parametric groups. All probabilities
were two tailed. Partek Genomics Suite 6.5 (Partek) was used for
array statistics and data visualization analyses for differentially ex-
pressed and eGFR-correlated miRNAs. For microarray data, one-way
ANOVA testing disease status (eGFR � 30 and eGFR � 30
ml·min�1·1.73 m�2) within tissue type (plasma and urine) was per-
formed (covariates included sex and age), as well as Pearson corre-
lation coefficient tests for relationship to eGFR. A Kruskal-Wallis test
was used to compare miRNA expression levels between groups, and
Spearman’s rank order correlation was used to test associations
between miRNA expression levels and clinical parameters. One-way
ANOVA was used to determine the differences in collagen levels
between groups.

Rather than using a false discovery rate on the initial miRNA data
set, all mature human miRNAs that met the unadjusted P � 0.05
cutoff were carried into biological pathway analysis for targeted
mRNAs, and more stringent cutoffs were used during the pathway
identification process, which filters out most unrelated findings. The
relationships between eGFR and miRNA changes within urine and
plasma samples were also assessed using Pearson correlation coeffi-
cients, filtering at an unadjusted P � 0.05 cutoff.

Ingenuity Pathway Analysis Suite (IPA; Ingenuity, Redwood City,
CA) was used to identify the biological pathways containing the
mRNA targets of miRNAs that exhibited differential expression or
significant association with eGFR. First, mRNA targets of significant
miRNAs were determined using IPA’s miRNA Target Filter, which
identifies experimentally validated miRNA-mRNA interactions from
TarBase, miRecords, and the peer-reviewed biomedical literature, as
well as predicted miRNA-mRNA interactions from TargetScan. A
conservative filter was applied using only experimentally validated
and highly conserved predicted mRNA targets for each miRNA, as
identified by TargetScan within the IPA software. Highly conserved
pairings are predicted by TargetScan to repress expression of mRNA
target to �40% of “normal” levels. These mRNA targets were carried
through to Core Pathway Analyses, which identified common path-
ways containing the mRNAs in our data set. As noted above, P values
were assigned to pathways via a Fischer exact test to reduce the risk
of false positive findings from the original ANOVA, as pathway
components represent interrelated rather than independent elements.
Canonical pathways, novel networks, and common upstream regula-
tors were then queried for overlap with targets from our differentially
expressed miRNA gene target list.
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RESULTS

miRNA Discovery

The baseline demographic and clinical data of the patients
are summarized in Table 1. Among the 28 patients studied, 9
had �50% increase in serum creatinine during the preceding 6
mo, with a terminal eGFR of �30 ml·min�1·1.73 cm�2

(eGFR�30 group), and the remaining 19 had slower progres-
sion of CKD with a terminal creatinine of eGFR �30
ml·min�1·1.73 cm�2 (eGFR�30 group). Patients in the lower
eGFR group were younger and had worse proteinuria (P �
0.01) (Table 1).

To determine the extent of fibrosis and its association with
the decline of kidney function, the plasma and urinary levels of
PIIINP and CIV were measured. Fig. 1. There was a significant
difference between urine CIV (P 	 0.001), plasma CIV (P 	
0.002), and urine PIIINP (P 	 0.004) levels among the eGFR
groups. Although the plasma levels of PIINP tended to increase
in those with lower eGFR, the difference was not statistically
significant.

Interrogation of 5,214 human miRNAs in blood and urine
samples using the Affymetrix GeneChips revealed that 384
urinary and 266 circulatory miRNAs were differentially ex-
pressed between the two eGFR groups. (Fig. 2A) Among these,
248 miRNAs were upregulated and 136 miRNAs were down-
regulated in urine samples of patients in the eGFR�30 group
compared with the eGFR�30 group (P � 0.05). (Fig. 2B)
Similarly, 172 miRNAs were upregulated, and 94 miRNAs
were downregulated in plasma samples of patients with
eGFR�30 (P � 0.05). The top 10 miRNAs associated with
decreased eGFR in plasma and urine are listed in Table 2. A
number of miRNAs related to TGF� were differentially ex-
pressed in patients with reduced eGFR, leading us to explore
specifically the miRNAs related to TGF� pathway. IPA
mapped 39 urine miRNAs and 15 plasma miRNAs to 6,526
and 3,985 mRNA targets, respectively. As shown in Fig. 3,
TGF� signaling was among the top ranked canonical pathways
represented by these mRNAs. Specifically, miR-1281, miR-
1825, miR130a-3p, and Let7ap-5p in the urine, and miR-1825p
and miR-1281, and miR-423 in the plasma exhibited differen-
tial expression. Notably, miR-1825 and miR-1281 were up-

Table 1. Clinical characteristics of study participants

eGFR �30 (n 	 19) eGFR �30 (n 	 9) P Value

Age (years) 57.4 
 11.9 55.2 
 12.2 0.65
Sex (M/F) 6/13 3/6 0.38
Race (AA/W) 14/2 8/1 0.41
Body mass index (kg/m2) 29.9 
 6.7 33.1 
 7.1 0.27
Proteinuria (g/day) 1.4 
 1.1 3.0 
 1.5 �0.01
Serum creatinine (mg/dl) 1.5 
 0.4 4.0 
 2.1 �0.001
BUN 24.8 
 8.0 47.6 
 22.3 �0.001
Total cholesterol (mg/dl) 182.1 
 39.4 184 
 50.5 0.93
Use of lipid lowering agents 94% 44% �0.01
Systolic blood pressure 134.2 
 17 136.3 
 24.4 0.8
(mmHg) 11.8 
 1.8 10.4 
 2.1 0.11
Hemoglobin (%) 27% 50% 0.66
Patients with diabetes (%) 50.5 
 22.2 18.7 
 7.4 �0.001
GFR (ml/min/1.73 m2) 18.7 
 7.4 50.5 
 22.2 �0.001

Values are means 
 SE P values depict comparisons by Student’s t-test or
�2 test (for categorical values) between diagnosis groups.

Fig. 1. Urine and plasma levels of collagen
type IV (A and B) and procollagen III NH2-
terminal propeptide (PIIINP; C and D) in
chronic kidney disease (CKD) patients in
relation to eGFR levels. The urinary excre-
tion levels of type IV collagen and PIIINP
are expressed as micrograms per gram of
creatinine. *P � 0.05, ** P � 0.01.

F984 microRNA BIOMARKER SIGNATURE OF KIDNEY FIBROSIS

AJP-Renal Physiol • doi:10.1152/ajprenal.00569.2016 • www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal at Istanbul Univ (161.009.143.196) on March 7, 2021.



regulated in both the urine and the plasma of patients with
reduced eGFR.

qRT-PCR confirmed that the eGFR�30 group had higher
urine levels of miR-1825 (2.1-fold change, P � 0.001), miR-
1281 (2.2-fold change, P � 0.001), and miR-130a (1.6-fold
change, P � 0.01), and lower urine levels of Let-7a (�1.5-fold
change, P � 0.01) compared with those with higher eGFRs.
(Fig. 4) Plasma levels of miR-1825 (1.4-fold change, P � 0.05)
and miR-1281 (1.6-fold change, P 	 0.01) were higher, and
that of miR-423-5p (1.7-fold change, P 	 0.02) were lower, in
the eGFR�30 group compared with their counterparts.

The qRT-PCR analysis of urinary miR-4525 and circulating
miR-144, miR-548, miR-423, and miR-3648 from the urine

and plasma samples of study participants yielded similar re-
sults to those obtained from the microarray analysis, further
validating the microarray data (Fig. 4) Specifically, miR-4525
was significantly downregulated in urine of patients with eGFR
�30 (2.1-fold change, P � 0.01), miR-144-5p (1.9-fold
change, P � 0.02), and miR-548ap-5p (1.6-fold change, P �
0.01) were upregulated in plasma of patients with eGFR �30,
and miR-423-5p (2.2-fold change, P � 0.001) and miR-3648
(2.0-fold change, P � 0.01) were significantly downregulated
in plasma of patients with eGFR �30.

Strong correlations between, miR-1281 and BUN (r 	 0.40,
P 	 0.04), miR-423 and BUN (r 	 �0.44, P 	 0.02), and
miR-423 and serum creatinine (r 	 �0.6, P 	 0.002) were

Fig. 2. Comparative analysis of miRNA ex-
pression levels in plasma and urine samples
obtained from patients grouped by eGFR. A:
heatmap showing unsupervised hierarchical
clustering of miRNAs (Pearson correlation,
average linkage). Colors represent relative
miRNA expression as indicated in the color
key for each panel. Brackets on the top mar-
gins indicate samples from the same cohort.
Samples are in columns, miRNAs in rows.
Only miRNAs that survived multiple testing
(FDR), and had a fold change �3 or ��3 and
P � 0.05 are shown. B: miRNAs with signif-
icantly dysregulated expression are graphed
for plasma and urine samples. Percentages of
up- or downregulated miRNAs are shown
with corresponding up or down arrows on
each graph.
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identified. No significant association of miRNAs with the urine
albumin/creatinine ratio was noted.

Validation of miRNA Discoveries

Alb/TGF� mice overexpress TGF-� and spontaneously de-
velop renal fibrosis and CKD with age. qRT-PCR studies
confirmed significant changes in the expression levels of the
selected miRNAs in the urine and plasma of Alb/TGF- �1 mice
compared with wild-type controls. (Fig. 5) TGF�1 mice also
had significantly higher levels of profibrotic miRNAs, miR-
1825 (3.0-fold change, P � 0.001), miR-1281 (1.6-fold
change, P � 0.05), and miR-130a (2.9-fold change, P � 0.01),
and significantly lower levels of Let-7a (�10.7-fold change,
P � 0.001) in the urine. We also found significantly increased
levels of miR-1825 (2.0-fold change; P � 0.01), miR-1281
(3.8-fold change, P � 0.01), and miR-130a (3.8-fold change,
P � 0.01) in plasma samples from the TGF�1 mice.

Among other miRNAs, miR-423-5p was also found to be
downregulated in the plasma of Alb/TGF� mice (2.8-fold
change, P � 0.001), confirming the observation from the
human studies (Fig. 5A). Interestingly, in Alb/TGF� mouse
plasma, miR-144 levels were significantly downregulated (4.2-
fold change, P � 0.001), which contrasted its expression levels
in human plasma. The remaining miRNAs were either not
detected or had no significant change in their expression levels.

We also investigated the expression levels of some potential
targets of miRNA from our miRNA profile in the kidney
tissues from the Alb/TGF� mice. Specifically, we measured
mRNA expression levels of Hmga2, insulin-like growth fac-
tor-1 (Igf1), and IGF1 receptor (Igf1r) genes (all known targets
of let-7 miRNA), TGF� receptor 1 (Tgfbr1) and tissue plas-
minogen activator (Plat) (both targets of miR-144), EMT
marker, fibronectin (Fn1), which is induced by TGF�1, the
mesenchymal marker, vimentin (Vim, a miR-548 target), and
Smad4 (miR-130a target).

qRT-PCR analysis of Alb/TGF� mice kidney mRNA
showed significantly increased levels of Hmga2 (1.8-fold
change, P 	 0.01), fibronectin 1 (8.4-fold change, P � 0.001),
and vimentin (2.5-fold change, P � 0.01), compared with
normal control mice. No significant change was observed for
the expression levels of Tgfb1, Igf1, Igfr11, Plat, or Smad4.
(Fig. 5B).

To examine the direct effect of TGF� on expression of the
selected fibrotic miRNAs, we studied the miRNA expression
levels in a rat renal proximal tubular cell line (NRK52E) in vitro,
after treatment with TGF�1. EMT phenotype acquisition was
confirmed by measuring the expression of E-cadherin in these
cells, which was significantly decreased following TGF�1
treatment, in a time- and dose-dependent manner, peaking at 24
h (Fig. 6). Examination of miRNA expression by qRT- PCR
demonstrated upregulation of miR-1825 (6.5-fold change, P 	
0.001) and downregulation of miR-423-5p (4.2-fold change,
P � 0.001), further validating the finding from human and
CKD mouse experiments (Fig. 6). None of the other above
miRNA could be detected in NRK52E cells.

DISCUSSION

In this pilot study, we compared the plasma and urinary
miRNA profiles in CKD patients with eGFR �30 ml·min�1·1.73
cm�2 and those with eGFR �30 ml·min�1·1.73 cm�2 using
Affymetrix GeneChip miR 4.0 array and found 384 urinary and
266 circulatory miRNAs were differently expressed. IPA mapped
many miRNAs to TGF� signaling-related mRNA targets. miR-
1825 and miR-130a-3p, both related to TGF� signaling, were
upregulated in urine and in plasma of patients with advanced
CKD, whereas Let-7a expression, also related to TGF� signal-
ing, was significantly downregulated in the urine samples.
miRNA expression in urine, and plasma of Alb/TGF� mice
generally resembled and confirmed most, although not all, of
the observations from the human studies. We also noted that, in
response to TGF�1 challenge, rat renal proximal tubular cells
increased expression of miR-1825 and decrease miR-423 ex-
pression.

These results suggest that miRNAs are potentially involved
in kidney fibrosis and could be a useful biomarker in CKD.
Although there is no “direct” evidence linking the identified
miRNA with renal fibrosis in humans yet, our study is perhaps
novel in being the first to find association between the circu-
latory and urinary levels of certain miRNAs and advanced
stages of CKD. Future mechanistic studies are needed to
confirm the involvement of these miRNAs in kidney fibrosis.

Fibrosis is the final common pathway downstream of most
kidney injuries, leading to progressive loss of kidney function
(27). Fibrosis is characterized by an imbalance between matrix
formation and degradation, resulting in excessive accumulation
of ECM (9, 21). Increased urinary concentrations of collagen
type IV is associated with the decline of kidney function in
patients with CKD (1, 8, 25, 29). PIIINP correlates with kidney
function and the extent of interstitial fibrosis in kidney biopsies
(10, 32). In our study, we found that the urinary levels of
PIIINP and collagen IV were elevated in patients with reduced
eGFR.

We employed Affymetrix GeneChip miR 4.0 high-density
array, in which most miRNA sequences reported in miRBase
Release 2.0 are represented for an unbiased discovery of

Table 2. Top 10 urinary and plasma miRNA discoveries in
patients with eGFR �30 ml·min�1·1.73 m�2

Targeted Genes
Fold

Change
P

Value

Urinary miRNAs
miR-1281 BMP signaling pathway, TGF� signaling 2.2 (1) 0.01
miR-1825 TGF� signaling, Wnt/�-catenin signaling 2.1 (1) 0.01
miR-1255b-5p Unknown 1.9 (2) 0.01
MiR-5698 Unknown 1.8 (2) 0.04
miR-4525 TGF� signaling 1.8 (2) 0.02
miR-885-3p Unknown 1.8 (2) 0.02
miR-6797-3p Unknown 1.8 (1) 0.03
miR-7846-3p Unknown 1.7 (2) 0.01
miR-130a-3p Smad4, TGF� signaling, Wnt/�-catenin

signaling
1.6 (1) 0.01

let7a-5p TGF� signaling, Wnt/�-catenin signaling 1.5 (2) 0.03
Circulating miRNAs
miR-4530 Unknown 1.9 (2) 0.05
miR-4646-5p Unknown 1.7 (2) 0.03
miR-423-5p TGF� signaling, Wnt/�-catenin signaling 1.7 (2) 0.02
miR-3648 TGF� signaling 1.6 (2) 0.01
miR-98-3p IL-10 1.5 (2) 0.02
miR-144-5p TGIF, TGF�, FGF, VEGF 1.5 (1) 0.01
miR-1825 TGF� signaling, Wnt/�-catenin signaling 1.4 (1) 0.01
miR-548ap-5p TGF� signaling, BMP signaling pathway 1.4 (1) 0.01
miR-6759-3p Unknown 1.4 (1) 0.01
miR-3663-3p Unknown 1.4 (1) 0.04
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Fig. 3. Pathway analysis of miRNA discovery. The TGF� canonical pathway was among the top ranked as determined by Ingenuity Pathways Analysis (IPA)
software (Ingenuity, Redwood City, CA). Green indicates predicted downregulation of target transcripts by differentially expressed miRNAs; red indicates
predicted upregulation. A, urine; B, plasma. Among the altered miRNAs, expression levels of miR-1825, miR-1281, let-7a, and miR-130a are
experimentally-validated.
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miRNAs associated with CKD progression. Based on our
results, 384 urinary and 266 circulatory miRNAs varied by
level of kidney function. We found that a number of miRNAs
related to TGF� signaling were dysregulated in patients with

advanced CKD. IPA linked a number of miRNA discoveries to
the TGF� pathway.

When IPA was limited to validated targets only, the number
of significantly dysregulated miRNAs and their targets were
reduced: 13 miRNAs targeting 186 genes in urine, and six
miRNAs targeting 200 genes in plasma. As shown in the
supplementary Tables S1–S4 supplenentary tables can be
found linked to the online version of his paper), the TGF�
pathway continues to be a significant target for both plasma
and urine miRNA.

We found that miR-130a-3p was upregulated in the urine,
mir-1285 and miR-1825 were upregulated in urine and plasma,
whereas Let 7a-5p was downregulated in urine, and miR-
423-5P was downregulated in the plasma of patients belonging
to the eGFR�30 group. These miRNAs have confirmed/
putative targets in the TGF� pathway (4, 11). miR-130a is
involved in cell cycle regulation of granulocytic cells through
engagement of Smad4 in the TGF� pathway (23). Preliminary
evidence indicates that miR-130a-3p-regulates epithelial mes-
enchymal transition in hepatoma cells through inhibition of
Smad4 (19).

The TGF� superfamily consists of highly pleiotropic mole-
cules such as bone morphogenic proteins, growth differentia-

Fig. 4. qRT-PCR confirmation of the microarray discoveries in CKD patients.
Error bars are the SE for each analysis. Selected miRNAs were verified using
single-well TaqMan qRT-PCR. The 2���Ct method was used to calculate
relative changes in miRNA expression. Results were normalized to levels of
U6 snRNA. Each data point represents mean 
 SE. *P � 0.05.

Fig. 5. A: qRT-PCR verification of microarray discoveries in urine and plasma
samples of Alb/TGF� mice compared with wild-type mice. Error bars are SE
for each analysis. Selected miRNAs were verified using single-well TaqMan
qRT-PCR. The 2���Ct method was used to calculate relative changes in
miRNA expression. Results were normalized to levels of U6 snRNA. Each
data point represents the mean 
 SE, P � 0.05. B: qRT-PCR verification of
mRNA targets of fibrosis-associated miRNAs. The 2���Ct method was used to
calculate relative changes in mRNA expression. Results were normalized to
levels of endogenous �-actin. Each data point represents the mean 
 SE. *P �
0.05.

Fig. 6. A: flow cytometry analysis showing expression of E-cadherin in rat
renal proximal tubular cell line (NRK52E) with or without TGF� stimulation.
B: real-time PCR of fibrotic miRNAs in NRK52E cells stimulated by TGF�.
Selected miRNAs were verified using single-well TaqMan qRT-PCR. The
2���Ct method was used to calculate relative changes in miRNA expression.
Results were normalized to levels of U6 snRNA. Each data point represents the
mean 
 SE. *P � 0.05.
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tion factors and glia-derived neurotrophic factors, activins, and
inhibins. They are involved in regulation of inflammation,
fibrosis, cell apoptosis, and cell proliferation (7). Active
TGF�1 binds to type II TGF� receptors, leading to phosphor-
ylation of receptor-associated SMADs, which in turn regulate
the transcription of target genes. An equilibrium shift of
TGF�/SMAD signaling has been proposed as the underlying
mechanism for renal fibrosis (23). Interestingly, TGF� regu-
lates expression of several microRNAs, some of which are
which are positively induced by TGF� signaling, but others are
inhibited, possibly to protect kidneys from progressive fibrosis
(23), which is similar to what was observed in our study.

We measured the expression of these miRNAs in Alb/TGF�
transgenic mice, which are transgenic for the murine albumin
enhancer/promoter expressing a full-length porcine TGF�1
gene, likely on the Y chromosome. The transgene is expressed
exclusively in the liver, leading to elevated circulating levels of
TGF�1 in as early as 2 wk of age, causing glomerular injury in
all males (14, 26). qRT-PCR analysis revealed that the changes
in miRNA expression in urine (miR-1825, miR-1281, let7a-5p,
and miR-130a) and plasma (miR-1825 and miR-130a) of
TGF�1 mice were similar to those observed in advanced CKD
patients. Both the urine and plasma levels of miR-130a were
significantly upregulated in advanced CKD patients and also in
the Alb/TGF� transgenic mice. miR-130a targets SMAD4,
which is downstream of the TGF� pathway (11) and involved
in renal fibrosis and inflammation (22). Urine samples from
CKD patients with decreased eGFR and from Alb/TGF� mice
showed a significant decrease in the expression levels of let-7a
miRNA. The members of the let-7 miRNA family regulate cell
proliferation and differentiation, and reduced expression of
these miRNA can lead to EMT as well as increased cell
migration and invasion (3, 33). Reduction in let-7 miRNA
levels in endothelium increases expression of TGF� ligands
and receptors, resulting in EMT (4). Downregulation of let-7a
in Alb/TGF� mice in our study points to the existence of a
potential negative regulatory mechanism of let-7 expression by
TGF�, as discussed above. This possibility is supported by a
previous study, which showed that another member of the let-7
family, let-7d was downregulated in samples from idiopathic
pulmonary fibrosis patients, which was sufficient to cause
EMT in lung epithelial cells (30).

We noted that the target molecule of let-7a, Hmga2 is
overexpressed in the Alb/TGF� mouse kidney cells. The ex-
pression of let-7a is inhibited by TGF�. Among the genes
suppressed by the let-7 family is Hmga2, a structural transcrip-
tional regulator which confers a growth advantage to fibro-
blasts (41) and a mediator of TGF�–induced EMT (34). We
found a dramatic decrease in let-7a urinary miRNA expression
level accompanied by an increase in Hmga2 in Alb/TGF� mice
kidney cells. We did not observe changes in the expression
levels of other fibrosis-relevant targets of let-7 such as insulin-
like growth factor-1 (Igf1), and IGF1 receptor (Igf1r) (Fig. 5B).
Taken together, our results suggest that downregulation of
let-7a microRNA may be important in determining the pro-
gression of CKD.

We investigated the role of miR-144 in CKD-associated
fibrosis. miR-144, one target of which is TGF�1 according to
miRTarBase (12), was previously reported to be downregu-
lated in lung fibrosis (38). Our results showed that miR-144
was downregulated in Alb/TGF� mouse kidney compared with

normal mouse kidney cells. When tested by q-RT-PCR, there
was no significant change in the mRNA levels of tissue
plasminogen activator (tPA), a potential target of miR-144 in
the Alb/TGF� mice kidney cells. This was in contrast to an
increase observed in our advanced CKD patient cohort
(GFR�30). The significant downregulation of miR-144 ex-
pression in Alb/TGF� mouse kidney could be explained by the
high levels of circulating TGF� in these mice. Furthermore,
recent studies showed that plasma miR-144 is markedly up-
regulated by erythropoietin (17, 31).

Hager et al. demonstrated that miR-130a is differentially
expressed during granulopoiesis and targets Smad4 mRNA,
identifying two miR-130a binding sites in the 3-untranslated
region of the Smad4 mRNA (11). Overexpression of miR-
130a in HEK-293, A549, and 32Dcl3 cells repressed synthesis
of Smad4 protein without affecting Smad4 mRNA level. In our
study, although the urinary levels of miR-130a was signifi-
cantly increased in both the eGFR�30 patients and the in
Alb/TGF� mice, there was no significant changes in the Smad4
mRNA levels in the kidney tissues of Alb/TGF� mice when
examined by q-RT-PCR.

Another one of the fibrosis-associated miRNA from our miR
profile, miR-548, has been shown to target and directly bind to
the 3=-untranslated region of vimentin mRNA, a marker of the
EMT (42). The downregulation of vimentin suppresses the
proliferation and invasion of pancreatic cancer cells in vitro
and in vivo. In addition, vimentin was inversely correlated with
miR-548 expression in pancreatic cancer samples. While the
circulating levels of miR-548 expression were not significantly
changed in the Alb/TGF� mice, there was a significant in-
crease in the vimentin expression levels (2.5-fold change, P �
0.01) in the kidney tissues of Alb/TGF� mice when examined
by q-RT-PCR.

We also examined the expression levels of other fibrotic
miRNA discovered in human studies in a TGF�-induced EMT
model in renal tubular cells (NRK52E) in vitro. Among the
miRNAs tested, only the miR-1825 and miR-423 expression
significantly dysregulated in response to TGF� challenge,
suggesting that renal tubular cells are a potential source of
circulating and urinary miR-1825, and circulating miR-423.
Another miRNA that was identified to be upregulated in
advanced CKD by our microarray analysis is miR-1825. Al-
though not much is known about miR-1825, it has been shown
to putatively targets member-1 of the discoidin domain family
of receptors (DDR1). Since DDR1 is a putative oncogene, it is
proposed that miR-1825 might function as a tumor-suppressor,
inhibiting DDR1 translation (37).

Our study has a number of strengths. It is the first study
exploring the utility of extracellular exosomal miRNA as a
biomarker for underlying kidney fibrosis and decreased eGFR.
Strengths of the study include 1) unbiased discovery of miRNA
using Affymetrix GeneChip microRNA 4.0 arrays to interro-
gate 30,424 miRNAs, and confirmation of the finding using
q-RT-PCR, 2) simultaneous comparison of both plasma and
urine miRNA profiles, and 3) validation of the functional
significance of miRNAs in a relevant animal model of CKD as
well as a cell model. We acknowledge the relatively small
sample size, as well as the asymmetrical distribution of eGFR,
diabetes, and proteinuria among the study population and the
preponderance of patients of African American descent, as
potential limitations.
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To summarize, this study shows that patients with advanced
CKD have a distinct circulating and urine miRNA profile, with
a number of these miRNAs linked to kidney fibrosis. We
confirmed the pathological significance of the miRNA discov-
ered in human CKD patients in an animal model of CKD and
cell-based studies. We found that miR-1825 is consistently
linked to progression of CKD, in humans, the animal model of
CKD, and a cell model of EMT, which needs further investi-
gation to define its role in kidney fibrosis. Our results provide
proof of “association” but not the “mechanism”. Regardless,
these findings have their own merit and significance in provid-
ing strong miRNA candidates as biological markers of kidney
fibrosis and potential targets for future mechanistic and thera-
peutic studies. If these preliminary findings are confirmed,
miRNAs could be used as a surrogate marker of underlying
kidney fibrosis and when combined with GFR and proteinuria
could improve the prognostication.
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