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ABSTRACT

Background. Podocyte depletion is amajormechanism driving
glomerulosclerosis. We and others have previously projected
from model systems that podocyte-specific mRNAs in the
urine pellet might serve as glomerular disease markers. We
evaluated IgA nephropathy (IgAN) to test this concept.
Methods. From 2009 to 2013, early morning voided urine sam-
ples and kidney biopsies from IgAN patients (n = 67) were eval-
uated in comparison with urine samples from healthy age-
matched volunteers (n = 28). Urine podocyte (podocin)
mRNA expressed in relation to either urine creatinine concen-
tration or a kidney tubular marker (aquaporin 2) was tested as
markers.
Results. Urine podocyte mRNAs were correlated with the se-
verity of active glomerular lesions (segmental glomerulosclero-
sis and acute extracapillary proliferation), but not with non-
glomerular lesions (tubular atrophy/interstitial fibrosis) or
with clinical parameters of kidney injury (serum creatinine
and estimated glomerular filtration rate), or with degree of ac-
cumulated podocyte loss at the time of biopsy. In contrast, pro-
teinuria correlated with all histological and clinical markers.
Glomerular tuft podocyte nuclear density (a measure of cumu-
lative podocyte loss) correlated with tubular atrophy/interstitial
fibrosis, estimated-glomerular filtration rate and proteinuria,
but not with urine podocyte markers. In a subset of the IgA co-
hort (n = 19, median follow-up period = 37 months), urine po-
docyte mRNAs were significantly decreased after treatment, in
contrast to proteinuria which was not significantly changed.
Conclusions.Urine podocyte mRNAs reflect active glomerular
injury at a given point in time, and therefore provide both dif-
ferent and additional clinical information that can complement
proteinuria in the IgAN decision-making paradigm.

Keywords: glomerular disease, IgA nephropathy, podocyte,
proteinuria, urine podocyte mRNA

INTRODUCTION

IgA nephropathy (IgAN) is one of the most common forms of
glomerulonephritis worldwide, especially in Asia, accounting
for 20–40% of primary glomerulonephritis [1]. About 20–
40% of IgAN patients progress to end-stage kidney disease
within 20 years after initial biopsy [2, 3]. Previous studies
have identified the clinical features of proteinuria and histo-
logical changes of glomerulosclerosis and interstitial fibrosis
as important prognostic factors in IgAN [4–6]. However, some-
times, even low-level proteinuria is associated with the progres-
sion of kidney diseases [7]. This suggests that the level of
proteinuria does not always correlate well with the histological
findings. Furthermore, repeated kidney biopsy also carries the
risk of complications. Recently, several investigators have re-
ported that various urinary markers are associated with histo-
logical findings of severity and poor outcome [8–10]. However,
the utility of these biomarkers is not yet well defined.

Accumulating data frommodel systems and patients strong-
ly supports the concept that podocyte depletion causes glomer-
ulosclerosis, and that persistent podocyte loss is a driver for
most forms of progression in glomerular disease [11–26]. The
degree of podocyte loss has been reported by Lemley et al. [27]
to be correlated with the extent of glomerulosclerosis in patients
with IgAN. Therefore, evaluation of rate of podocyte detach-
ment could potentially provide prognostic information for
glomerular diseases, including IgAN. Podocytes are resident
on the urinary space side of the glomerular basement mem-
brane; therefore, as they detach, their products appear in the
urine where they can potentially serve as useful biomarkers
for monitoring glomerular disease activity. We recently defined
the relationship of urine podocyte mRNAs to progression in
both model systems and human glomerular diseases [16, 22–
26]. Two different urine podocyte mRNA markers were tested:
(i) urine podocin:aquaporin2 mRNA ratio (U-PodAR), where
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the podocin signal is expressed in relation to the aquaporin2
signal (as a tubular marker), was shown to be correlated with
progression of glomerular diseases in model systems [22–24]
and (ii) urine podocin mRNA:creatinine ratio (U-PodCR),
where the podocin signal is expressed in relation to urine cre-
atinine concentration (analogous to the urine protein:creatinine
ratio in human glomerular diseases), was also shown to be cor-
related with glomerular disease progression [25]. In this study,
we investigated whether these urine podocyte markers could be
useful in patients with IgAN.

MATERIALS AND METHODS

This study was conducted according to the principles of the
Declaration of Helsinki and was approved by Institutional Re-
view Board of University of Miyazaki Hospital. Informed con-
sent was obtained from all participants, or from parents in the
case of children younger than age 19 years of age, prior to in-
clusion in this study.

Patients and histological evaluation

From January 2009 to December 2013, urine samples were
collected on the morning of biopsy from 67 consecutive pa-
tients with IgAN at the University of Miyazaki Hospital. The
clinical profile of these patients with IgAN is shown in Table 1.
A second urine sample was collected after 12 months of treat-
ment for use in a longitudinal study. Of the original 67 patients
biopsied, 48 were not included in the longitudinal analysis
owing to the following exclusion criteria: (i) less than 1 year
follow-up had occurred, and therefore, the second sample was
not available for analysis (n = 24), (ii) follow-up was carried out
external to the University of Miyazaki Hospital clinic (n = 20)
and (iii) no urine sample had been collected post-treatment
(n = 4). The 19 patients in the longitudinal analysis received
12 months of treatment with steroid therapy (n = 14) and/or
ACE-I/ARB (n = 13). A total of 28 urine samples were collected
from healthy volunteers who had no known kidney disease or
hypertension.

The Oxford classification [28] system was used to evaluate
the histological findings of each case, and % crescent formation
was determined to evaluate acute extracapillary proliferative le-
sions which were defined as follows. Extracapillary proliferation
or cellular crescent: extracapillary cell proliferation of more
than two cell layers with >50% of the lesion occupied by cells.
Extracapillary fibrocellular proliferation or fibrocellular cres-
cent: an extracapillary lesion comprising cells and extracellular
matrix, with <50% cells and <90% matrix [28]. To evaluate po-
docyte depletion, we estimated podocyte nuclear density and
average number per glomerular tuft by the methodology re-
cently reported by Venkatareddy et al. [29]. Podocyte nuclei
were identified for counting, nuclear size estimation and calcu-
lation of density and average number per tuft using a monoclo-
nal antibody directed against transducing-like enhancer of split
4 (TLE4) as previously described [29]. The minimal number of
glomerular profiles evaluated per section was eight according to
the Oxford classification system [28, 30]. Histology slides were
blinded and then evaluated by two investigators.

IgA nephropathy treatment protocol

Patients were divided into four groups according to the
Special Study Group (IgAN) on Progressive Glomerular
Disease in Japan [31] as follows. Grade I: slight mesangial cell
proliferation and increased matrix. Glomerulosclerosis, cres-
cent formation and adhesion to Bowman’s capsule are absent.
Prominent changes are not observed in the interstitium, renal
tubuli or blood vessels. Grade II: slight mesangial cell prolifer-
ation and increased matrix. Glomeruloscrelosis, crescent for-
mation or adhesion to Bowman’s capsule are observed in
<10% of all biopsied glomeruli. Interstitial and vascular find-
ings are same as Grade I. Grade III: moderate, diffuse mesangial
cell proliferation and increased matrix. Glomerulosclerosis,
crescent formation or adhesion to Bowman’s capsule are ob-
served in 10–30% of all biopsied glomeruli. Cellular infiltration
is slight in the interstitium, except around some sclerosed glom-
eruli. Tubular atrophy is slight, and mild vascular sclerosis is
observed. Grade IV: severe, diffuse mesangial cell proliferation
and increased matrix. Glomerulosclerosis, crescent formation
or adhesion to Bowman’s capsule are observed in >30% of all
biopsied glomeruli. Some glomeruli also show compensatory
hypertrophy. Interstitial cellular infiltration, tubular atrophy,
as well as fibrosis, are observed. Hyperplasia or degeneration
may be observed in some intrarenal arteriolar walls. In the lon-
gitudinal study (n = 19), steroid therapy was administered to all
Grade III and Grade IV cases, and to Grade II cases with acute
lesion (cellular crescents and fibrocellular crescents; n = 14).
Steroid therapy consisted of two courses of intravenous methyl-
prednisolone pulses of 0.5 g/day for three consecutive days per
week, followed by oral prednisolone at an initial dosage of 0.5
mg/kg per day. The oral prednisolone was tapered by 5 mg
every 2 months during the first 6 months, then to 5 mg/day
over the next 6 months, and discontinued by 12 months after
the initial therapy. Renin–angiotensin system inhibitors were
administrated (n = 13) when blood pressure was ≥130/80
mmHg (n = 10), and in some patients with blood pressure
less than 130/80 mmHg (n = 3).

Table 1. Clinical profile of patients with IgA nephropathy and healthy
control

IgAN (n = 67) Control (n = 28)

Age (years) 39.7 ± 15.1 32.2 ± 7.2
Sex (male/female) 30/37 13/15
Protein:creatinine ratio (g/g Cre) 0.62 ± 1.20 0.03 ± 0.02
Blood Pressure(mmHg)
Systolic 121.7 ± 16.2
Diastolic 72.9 ± 12.5

Serum creatinine (mg/dL) 0.93 ± 0.37
e-GFR (mL/min/1.73 m2) 72.5 ± 24.5
Drugs (%)
ACE-I or ARB 26.9
CCB 19.4

The data are given as mean ± SD.
IgAN, IgA nephropathy; e-GFR, estimated-glomerular filtration rate; ACE-I, angiotensin
converting enzyme-inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel
blocker.
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RNA from urine sediments

Urine samples were collected in the morning and centri-
fuged at 4°C for 15 min at 3200 g on a tabletop centrifuge.
The supernatant was removed, the pellet suspended in 1.5 mL
of diethyl pyrocarbonate-treated phosphate-buffered saline,
then centrifuged at 12 000 g for 5 min at 4°C. The washed pellet
was resuspended in RLT/βmercaptoethanol buffer (RNeasy kit;
Qiagen, Germantown, MD, USA) and then frozen at −80°C
until RNA extraction [23].

RNA preparation and qRT-PCR assay

The total urine pellet RNAwas purified using an RNeasyMini
Kit (cat. no. 74106; Qiagen). cDNAwas transcribed from sample
total RNA using a high-capacity cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA, USA). Quantitation of the
podocin and aquaporin2mRNA abundancewas performedwith
a 7300HT fast real-time PCR system (Applied Biosystems) using
TaqMan fast universal PCRmastermix in afinal volume of 10 μL
per reaction. The TaqMan probes (Applied Biosystems) used
were human NPHS2 (podocin; cat. no. Hs00922492_m1),
AQP2 (aquaporin2; cat. no. Hs00166640_m1). All data were
from2 μg sample cDNAmeasured in duplicate. cDNA standards
were used for each assay as previously described [23].

Immunostaining

Kidney biopsies were formalin-fixed and paraffin-embedded
prior to sectioning. Podocyte density was estimated using
2-µm-thick sections.Wemeasuredmean podocyte nuclear cali-
per diameter, podocyte nuclear count per tuft and tuft area after
TLE4 immunoperoxidase staining using WinROOF imaging
software (Mitani Corporation, Tokyo, Japan). The primary
antibody used was a murine monoclonal anti-human TLE4
antibody (cat. no. sc-365406: Santa Cruz, Dallas, TX, USA).
The data were transcribed into a downloaded spreadsheet to es-
timate podocyte density as reported by Venkatareddy et al. [29].

Statistical analysis

Statistical analyses were performed using GraphPad PRISM
software, version 6.0 (GraphPad Software Inc., La Jolla, CA,
USA). Urinary measurements and histological examinations are
shown as the median and interquartile range except for clinical
profile data. Differences among the two groups were tested by
Mann–Whitney U test. Correlations between parameters were
compared by single regression analysis (Spearman rank correl-
ation). In the longitudinal study, Wilcoxon analyses were used.
P-values of P < 0.05 were considered statistically significant.

RESULTS

Urine podocyte mRNAs and proteinuria are elevated in
patients with IgAN compared with controls

The clinical profile of patients with IgAN and healthy volun-
teer controls are shown in Table 1. Figure 1a–c reveals that the
two urine podocyte mRNAmarkers (U-PodAR and U-PodCR)
were significantly increased compared with healthy volunteer
controls (P < 0.001).

Correlation between urine podocyte mRNAs and
proteinuria in patients with IgAN

Figure 1d and e shows correlations between urine podocyte
mRNA markers (U-PodAR and U-PodCR) and proteinuria in
patients with IgAN. Urine podocyte mRNAs were correlated
with the level of proteinuria (U-PodAR, r = 0.45, P = 0.0001,
U-PodCR, r = 0.56, P < 0.0001).

Relationship between urine podocyte mRNAs,
proteinuria and the Oxford IgAN histological
classification

To test whether the urine podocyte mRNA levels correlated
with histological findings in patients with IgAN, we examined
the relationship between each urine marker and histological
findings of the Oxford classification system as shown in
Figure 2. Both urine podocyte markers and the urine protein:
creatinine ratio (U-ProtCR) were significantly increased in
patients with segmental glomerulosclerosis lesions, thought to
be caused by podocyte loss. Tubular atrophy/interstitial fibrosis
lesions were associated with proteinuria, but not with podocyte
mRNA markers. These data demonstrate that proteinuria and
podocyte markers provide different information.

Relationship between urine podocyte mRNAs,
proteinuria and histological findings of acute
extracapillary proliferative lesions

The relationship between urine biomarkers and histological
findings of acute extracapillary proliferative lesions is shown in
Figure 3. By group analysis, urine podocyte mRNAs and pro-
teinuria were significantly increased in association with acute
extracapillary proliferative lesions (P < 0.001; Figure 3a). Further-
more, urine podocyte mRNAs (U-PodAR and U-PodCR) and
proteinuria were also significantly correlated with the extent of
acute extracapillary proliferative lesions (% crescent formation;
U-ProtCR, r = 0.54, P < 0.0001, U-PodAR, r = 0.62, P < 0.0001,
U-PodCR, r = 0.64, P < 0.0001; (n = 67); Figure 3b–d).

Relationship between histological findings of podocyte
depletion and urine podocyte mRNAs in patients with
IgAN

An increased podocyte detachment rate over time would be
expected to lead to decreased podocyte density (number per
tuft volume) in glomeruli. We therefore measured glomerular
podocyte nuclear density in histological sections [29]. Repre-
sentative photomicrographs of podocyte depletion (mild, mod-
erate and severe) are shown in Figure 4a–c. Podocyte nuclear
density measures accumulated podocyte loss over the life of
the glomerulus. Podocyte nuclear density correlated with pro-
teinuria, but not with urine podocyte mRNA levels at the time
of biopsy (Figure 4d–f ). Furthermore, podocyte nuclear density
and proteinuria were highly correlated with kidney function
(serum creatinine or e-GFR). In contrast, urine podocyte mar-
kers were not correlated with kidney function (Figure 4g–n).
These results highlight that the net podocyte depletion is closely
related to kidney function, as would be expected if podocyte de-
pletion was driving glomerulosclerosis. Urine podocyte mar-
kers, therefore, reflect current disease activity at a given point
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in time, rather than accumulated podocyte depletion that has
occurred over the lifetime of the glomerulus. In contrast, the de-
gree of proteinuria correlates with both accumulated podocyte
depletion and acute ongoing injury.

Relationship between biopsy podocyte nuclear density,
the Oxford classification and acute extracapillary
proliferative lesions in IgAN

The relationship between podocyte nuclear density and
histological findings of the Oxford classification system

and extracapillary proliferative lesions is shown in Figure 5.
Podocyte nuclear density was significantly decreased in asso-
ciation with tubular atrophy/interstitial fibrosis, but not with
other histologic lesions (Figure 5a–e). Tubular atrophy/
interstitial fibrosis lesions were significantly associated with
the reduction in podocyte nuclear density and estimated-
glomerular filtration rate (e-GFR) (Figure 5d-1 and d-2).
These data emphasize that the net podocyte depletion is
closely related to established kidney injury, as reflected by
tubular atrophy/interstitial fibrosis and kidney function.

F IGURE 1 : Comparison of urinary markers in patients with IgAN and healthy volunteers. (a) Urine protein:creatinine ratio. (b) Urine podocin:
AQP2 mRNA ratio (U-PodAR). (c) Urine podocin mRNA:creatinine ratio (U-PodCR). (d) Relationship between levels of proteinuria and
U-PodAR in patients with IgAN. (e) Relationship between levels of proteinuria and U-PodCR in patients with IgAN. Proteinuria and urine
podocyte mRNA levels in patients with IgAN were significantly increased compared with healthy volunteer controls (P < 0.001). Urine podocyte
mRNA levels were correlated with proteinuria (U-PodAR, r = 0.45, P = 0.0001, and U-PodCR, r = 0.56, P < 0.0001, [n = 67]).
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Urine podocyte mRNAs were decreased after treatment in
patients with IgAN

As urine podocyte markers reflect the degree of podocyte de-
tachment at a given point in time, we examined how they are

influenced by clinical management according to the Clinical
Guidelines for IgA Nephropathy in Japan [31]. During a me-
dian follow-up period of 37 (13–47) months, kidney function
(e-GFR) did not change significantly (Figure 6a). However,

F IGURE 2 : Relationship between urine podocyte mRNAs, proteinuria and the Oxford IgAN histological classification. (a) The levels of pro-
teinuria and urine podocyte mRNAs with or without mesangial hypercellularity (M1: n = 23, M0: n = 44). (b) The levels of proteinuria and urine
podocyte mRNAs with or without segmental glomerulosclerosis (S1: n = 56, S0: n = 11). (c) The levels of proteinuria and urine podocyte mRNAs
with or without endocapillary hypercellularity (E1: n = 26, E0: n = 41). (d) The levels of proteinuria and urine podocyte mRNAs with or without
tubular atrophy/interstitial fibrosis (T1, 2: n = 15, T0: n = 52). Both podocyte markers and proteinuria were significantly increased in association
with segmental glomerulosclerosis lesions. The tubular atrophy/interstitial fibrosis lesions were associated with proteinuria, but not podocyte
markers. *P < 0.05 and **P < 0.01, assessed by Mann–Whitney U test.

O
R
IG

IN
A
L
A
R
T
IC

L
E

1144 A. Fukuda et al.



F IGURE 3 : Relationship between urine podocyte mRNAs, proteinuria and histological findings of acute extracapillary proliferative lesions. (a)
The levels of proteinuria and urine podocyte mRNAs with (n = 35) or without (n = 32) extracapillary lesion (crescent formation). (b) Relationship
between levels of proteinuria and % crescent formation. (c) Relationship between levels of urine podocin:AQP2 mRNA ratio and % crescent
formation. (d) Relationship between levels of urine podocin mRNA:creatinine ratio and % crescent formation. By group analysis, urine podocyte
mRNAs and proteinuria were significantly increased in association with acute extracapillary proliferative lesions (P < 0.001). Furthermore, urine
podocyte mRNAs (U-PodAR and U-PodCR) and proteinuria also correlated significantly with the extent of acute extracapillary proliferative le-
sions (% crescent formation; U-ProtCR, r = 0.54, P < 0.0001; U-PodAR, r = 0.62, P < 0.0001; U-PodCR, r = 0.64, P < 0.0001; [n = 67]). *P < 0.05 and
**P < 0.01, as assessed by Mann–Whitney U test.
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F IGURE 4 : Relationship between histological findings of podocyte depletion and urine podocyte mRNAs in patients with IgAN. Representative
histological findings of podocyte depletion as demonstrated by TLE4 immunostaining (a) mild podocyte depletion (<25%), (b) moderate podocyte
depletion (25–50%) and (c) severe podocyte depletion (>50%). (d) Relationship between the urine protein:creatinine ratio and TLE4 podocyte
nuclear density. (e) Relationship between the urine podocin:AQP2 mRNA ratio and TLE4 podocyte nuclear density. (f) Relationship between the
urine podocin mRNA:creatinine ratio and TLE4 podocyte nuclear density. (g) Relationship between levels of serum creatinine and TLE4 podocyte
nuclear density. (h) Relationship between estimated-glomerular filtration rate (e-GFR) and TLE4 podocyte nuclear density. (i) Relationship be-
tween levels of proteinuria and serum creatinine. ( j) Relationship between the urine podocin:AQP2 mRNA ratio and serum creatinine. (k) Re-
lationship between the urine podocin mRNA:creatinine ratio and serum creatinine. (l) Relationship between levels of proteinuria and e-GFR. (m)
Relationship between the urine podocin:AQP2 mRNA ratio and e-GFR. (n) Relationship between the urine podocin mRNA:creatinine ratio and
e-GFR. Podocyte nuclear density correlated with proteinuria, but not with urine podocyte mRNA levels. Furthermore, podocyte nuclear density
and proteinuria correlated highly with kidney function (serum creatinine or e-GFR), in contrast urine podocyte markers did not correlate with
kidney function (either serum creatinine or e-GFR).

O
R
IG

IN
A
L
A
R
T
IC

L
E

1146 A. Fukuda et al.



F IGURE 5 : Relationship between degree of podocyte depletion measured in biopsies, the Oxford classification and acute extracapillary prolif-
erative lesions of IgAN. (a) The podocyte density, with or without mesangial hypercellularity (M1: n = 23, M0: n = 44). (b) The podocyte density
with or without segmental glomerulosclerosis (S1: n = 56, S0: n = 11). (c) The podocyte density with or without endocapillary hypercellulariy (E1:
n = 26, E0: n = 41). (d-1) The podocyte density with or without tubular atrophy/interstitial fibrosis (T1, 2: n = 15, T0: n = 52). (d-2) The e-GFR as
associated with severity of tubular atrophy/interstitial fibrosis. (e) The podocyte density with or without extracapillary lesion (crescent formation;
Ex1: n = 35, Ex0: n = 32). Tubular atrophy/interstitial fibrosis lesions were significantly associated with degree of podocyte nuclear density re-
duction and e-GFR.
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urine podocyte mRNAs were significantly decreased in
association with treatment (U-PodAR and U-PodCR, P = 0.01,
P < 0.01, respectively), in contrast to proteinuria, which was not
significantly decreased (P = 0.35; Figure 6b–d). Again, these
results demonstrate that urine podocyte markers provide differ-
ent information to proteinuria.

DISCUSSION

Previous studies have demonstrated that proteinuria and histo-
logical changes of glomerulosclerosis and interstitial fibrosis are
significantly associated with renal outcome in IgAN [4–6]. Pro-
teinuria has been used for many years as a diagnostic and mon-
itoring tool for kidney diseases. However, proteinuria is caused
by many different mechanisms, including podocyte detach-
ment, effaced foot processes (as occurs inMinimal Change Dis-
ease, which does not progress to kidney failure), glomerular
basement membrane abnormalities such as Alport syndrome
and immune complex accumulation, tubulointerstitial injury,
overload proteinuria in its various forms and physiologic pro-
cesses that enhance glomerular filtration of protein [32]. Not-
ably, persistent proteinuria is a strong surrogate marker for
progression to end-stage kidney disease. However, in a cross-
sectional view, a large amount of proteinuria is not always indi-
cative of a poor prognosis, for instance in minimal change

nephrotic syndrome. Furthermore, repetitive kidney biopsy to
evaluate disease activity longitudinally carries increased risk
of complications. Recent reports from model systems demon-
strate that podocyte depletion causes glomerulosclerosis, and
that persistent podocyte loss is the likely driver for most
forms of progression in glomerular disease [11–27]. Therefore,
an alternative non-invasive marker that specifically and directly
reflects the rate of podocyte detachment driving the progression
process could be a useful addition to proteinuria as a clinical
tool.

In this study, urine podocyte mRNAs correlated with disease
activity, including segmental glomerulosclerosis and acute ex-
tracapillary proliferative lesions, at the time of biopsy, but not
with established kidney injury as manifest by tubular atrophy/
interstitial fibrosis and kidney function. In contrast, proteinuria
was elevated in association with both active lesions andmarkers
of established kidney injury. Additionally, urine podocyte
mRNAs were decreased after treatment in contrast to protein-
uria, which was not significantly decreased by treatment in this
study. Urine podocyte mRNAs, therefore, reflect the disease ac-
tivity at a given point in time. In contrast, kidney function esti-
mates reflect the accumulation of podocyte loss over the life
time of that person, which would include periods of both
high and low podocyte loss that may or may not be related to
treatment efficacy. This concept is supported by the data of
Hara et al. [33], who showed that cumulative excretion of

F IGURE 6 : Levels of proteinuria and urine podocyte mRNAs after treatment in patients with IgAN. (a) e-GFR after treatment. (b) Proteinuria
after treatment. (c) The urine podocin:AQP2 mRNA ratio after treatment. (d) The urine podocin mRNA:creatinine ratio after treatment. Urine
podocyte mRNAs were significantly decreased compared with before treatment (U-PodAR, U-PodCR, P = 0.01, P < 0.01, respectively), however,
U-ProtCR was not (P = 0.35).
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urinary podocytes over time reflects disease progression.
Collectively, these data suggest that urine podocyte mRNAs
provide both different and additional information, which can
complement proteinuria.

Glomerular tuft podocyte nuclear density significantly cor-
related with proteinuria, severity of tubular atrophy/interstitial
fibrosis, serum creatinine and e-GFR, compatible with the hy-
pothesis that net loss of podocytes from glomeruli is associated
with long-term damage to the kidney according to the ‘podo-
cyte depletion hypothesis’ for glomerular diseases [11, 12].
Thus, this result is similar to that previously reported by Lemley
et al. [27]. The urine podocyte mRNA assay and histologic
measurement of podocyte density, therefore, provide us com-
plementary information describing different components of
podocyte dynamics in IgAN.

Hara et al. [33–37] detected podocytes and fragments of
podocytes in the urine in a various human glomerular diseases,
including IgAN, using a podocalyxin antibody detection sys-
tem. Recently, Asao et al. [38] also reported that urine podoca-
lyxin is associated with histologic abnormalities in patients with
IgAN. We used RT-PCR to detect podocyte-specific mRNAs in
the urine pellet. This approach has some advantages in that it is
easily quantified using ‘off-the-shelf’ technology, it is sensitive
and specific, and can be multiplexed so as to measure several
mRNAs simultaneously as previously reported for both rat
models and human glomerular diseases [16, 22–26]. Szeto
et al. [39] and Wang et al. [40–43] have also both reported
that urine podocyte mRNAs were detectable in patients with
diabetic nephropathy and lupus nephritis, and they have linked
these measurements to progression. Collectively, these reports
suggest that urine mRNA measurements could be useful mar-
kers for the diagnosis and monitoring of glomerular diseases.
The interpretation of an mRNAmarker is theoretically compli-
cated in that it might reflect altered cellular transcription rates
and thereby not accurately reflect cell numbers. However, the
podocyte’s primary job is to completely cover the filtration sur-
face area by foot processes, a task which is likely to require it to
adapt and undergo hypertrophy, particularly in diseases asso-
ciated with podocyte loss. We expect that these adaptations
may be better reflected by urine mRNA levels than by cell num-
bers, and therefore, that mRNA levels may provide a more ac-
curate assessment of the amount of denuded filtration area
represented by detached podocytes.

Optimal interpretation of urine podocyte mRNAs markers
requires that they be related to either urine concentration
(using the urine creatinine concentration) and/or to RNA recov-
ery [using another kidney marker distant from the glomerulus
(e.g. aquaporin2)] [22, 23]. Thus, the urine podocin:aquaporin2
mRNA ratio (U-PodAR) and the urine podocinmRNA:creatin-
ine ratio (U-PodCR) both estimate the rate of podocyte detach-
ment, but by using different approaches. We previously showed
that aquaporin2 continues to be expressed by the collecting
ducts of functioning nephrons even in end-stage kidneys, so
has a potential advantage over other kidneymarkers as a house-
keeper [22, 23]. However, urine aquaporin2 mRNA excretion
was increased 1.5-fold in patients with IgAN compared with
control, compatible with nephron loss occurring in the IgAN
setting. Another concern with using aquaporin2 mRNA as a

marker is that it is independently regulated by vasopressin
and other factors which, particularly in nephrotic syndrome,
could significantly modulate its expression [44, 45]. Wickman
et al. [25] recently reported using urine creatinine concentra-
tion as a denominator for expression of podocin mRNA
(U-PodCR) analogous to the urine protein:creatinine ratio
(U-ProtCR). Variations in muscle mass could complicate inter-
pretation of the creatinine ratio although it has been used suc-
cessfully for many years as the urine protein:creatinine ratio. It
therefore has the advantage of familiarity to the nephrology
community [46]. In this report, no significant differences
were detected between the urinary markers U-PodAR and
U-PodCR for estimating the rate of podocyte detachment.

In conclusion, pelleted podocyte mRNAs non-invasively re-
flect podocyte detachment rate at a point in time, which would
not be accurately reported by proteinuria measurements. This
measurement could therefore be useful to detect and monitor
disease activity in patients with IgAN under treatment. Pro-
spective long-term studies will be required to determine how
urine podocyte mRNA measurements can be used in the clinic
to improve preservation of podocyte number and density, and
thereby kidney function in IgAN.
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