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ABSTRACT
Endoplasmic reticulum (ER) stress and disrupted proteostasis contribute to the
pathogenesis of a variety of glomerular and tubular diseases. Thus, it is imperative to
develop noninvasive biomarkers for detecting ER stress in podocytes or tubular
cells in the incipient stage of disease, when a kidney biopsy is not yet clinically
indicated. Mesencephalic astrocyte–derived neurotrophic factor (MANF) localizes
to the ER lumen and is secreted in response to ER stress in several cell types. Here,
using mouse models of human nephrotic syndrome caused by mutant laminin b2
protein–induced podocyte ER stress andAKI triggered by tunicamycin–or ischemia-
reperfusion–induced tubular ER stress, we examined MANF as a potential urine
biomarker for detecting ER stress in podocytes or renal tubular cells. ER stress
upregulated MANF expression in podocytes and tubular cells. Notably, urinary
MANF excretion concurrent with podocyte or tubular cell ER stress preceded clinical
or histologic manifestations of the corresponding disease. Thus, MANF can poten-
tially serve as a urine diagnostic or prognostic biomarker in ER stress–related kidney
diseases to help stratify disease risk, predict disease progression, monitor treatment
response, and identify subgroups of patients who can be treated with ER stress
modulators in a highly targeted manner.
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Emerging evidence has shown that en-
doplasmic reticulum (ER) stress or the
derangement of ER proteostasis contrib-
utes to the development and progression
of glomerular and tubular diseases.1 The
ER is the central site for folding, post-
translational modifications, and transport
of secretory and membrane proteins. En-
vironmental and genetic factors disrupt-
ing ER function lead to accumulation of
misfolded and unfolded proteins in the
ER lumen, which is termed ER stress.2

Sustained or intense ER stress and

dysregulation of the unfolded protein re-
sponse pathway ultimately lead to cell
death.3

FSGS is the most common primary
glomerular disorder leading to ESRD.
Seminal advances in human genetics
have identified FSGS as a primary podo-
cytopathy, with major discoveries of
podocyte–specific gene mutations.4 Mu-
tations can lead to protein misfolding
and disruption of protein trafficking.5,6

It has been shown that congenital ne-
phrotic syndrome (NS) and familial

FSGS with mutations in podocyte genes,
including nephrin (NPHS1), podocin
(NPHS2), and a–actinin-4 (ACTN4),
are associated with accumulation of mu-
tated proteins and ER stress in vitro and
in vivo.7–9 Recently, we showed that the
C321R mutation of the glomerular
basement membrane (GBM) constituent
laminin b2 (LAMB2) leads to podocyte
ER stress and defective secretion of
laminin from podocytes to the GBM
because of b2-protein misfolding, result-
ing in NS and human Pierson syn-
drome.10,11 In addition, a recent study
showed that podocyte ER stress arising
fromamutant COL4A3 chain contributes
to the pathogenesis of Alport syndrome.12

In renal tubular cells, dysregulation of the
unfolded protein response pathway in-
duces injury and apoptosis.13–17 Thus,
discovering an ER stress biomarker will
enable identification of subjects with a
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high risk of disease progression. In addi-
tion, early detection and intervention
aimed at alleviating ER stress and restor-
ing ER homeostasis may well be less chal-
lenging than reversing established kidney
cell injury. However, there are no known
podocyte or renal tubular cell ER stress
biomarkers to date.

Here, for the first time, we show that
mesencephalic astrocyte–derived neuro-
trophic factor (MANF) can serve as a
potential urine biomarker for ER stress–
associated kidney diseases.

MANF, a recently identified 18-kD
highly soluble protein localized to the
ER lumen, lacks the ER retention se-
quence (KDEL) at its carboxyl terminus
in contrast to many other ER–resident
endoplasmic reticulum stress response
(ERSR) proteins.18,19 MANF is induced
and secreted in response to experimental
ER stress in several cell populations in
vitro18 and in vivo.20 However, this pro-
tein has not been studied in renal disease
contexts.

We investigated whether MANF was
induced in ER-stressed podocytes by
using a podocyte ER stress–induced NS
model that we have developed (Figure
1A).10 We have previously shown that,
in Lamb22 /2 ;nephr in promoter
(NEPH)–transgenic wild-type (Tg-WT)
mice, expression of the WT rat LAMB2
cDNA in podocytes via the podocyte–
specific mouse NEPH is sufficient to
restore the integrity of the glomerular fil-
tration barrier in Lamb22/2 mice.21 We
have also shown that Lamb22/2 mice
expressing the C321R rat LAMB2 in
podocytes (Lamb22/2;NEPH-C321R-
LAMB2 mice) recapitulate features of
patients with NS carrying the C321R-
LAMB2 mutation.10 The high C321R
transgene expressers on the Lamb22/2

background (Tg-C321Rmutants) exhibit
LAMB2 transcript levels in podocytes
comparable with those in the Tg-WT
mice, albeit a much lower level of b2-
protein accumulation in the GBM.10

In the first postnatal month, when
Tg-C321Rmutants exhibit trace protein-
uria without notable renal histologic
alternations, podocyte ER stress in-
duced by the C321R misfolded protein
is evident.10 In this study, as shown by

double-immunofluorescence staining of
MANF and the podocyte nucleus marker
WT-1, Tg-C321R podocytes exhibited
MANF upregulation in almost all glo-
meruli at P25 (Figure 1, C, g–i) compared
with levels in podocytes of WT (Figure 1,
C, a–c) and Lamb22/2;Tg-WT (Figure 1,
C, d–f) mice.Western blot (WB) analysis
confirmed that expression of MANF

along with other important ER stress
markers, including Ig binding protein
(BiP) and C/EBP homologous protein
(CHOP), an ER stress–specific proapo-
ptotic transcription factor, was increased
in Tg-C321R glomeruli versus the WT
and Tg-WT glomeruli (Figure 1D) at
P25. Meanwhile, MANF transcript levels
were significantly increased in Tg-C321R

Figure 1. MANF is induced in ER-stressed podocytes in Lamb22/2;NEPH-C321R-LAMB2
mice at an early stage of disease. (A) Schematic representation of the transgenes. The
NEPH-B2 andNEPH-C321R-LAMB2 transgenes driveWT or C321Rmutant-b2 expression,
respectively, from the podocyte–specific mouse NEPH. The b2-cDNA sequences are
flanked by loxP sites for future manipulations.10,21 (B) Quantitative real–time PCR analysis
of MANF mRNA in isolated glomeruli from Lamb2+/2, Lamb22/2;Tg-WT, and Lamb22/2;
Tg-C321R mice at P24. MANF expression was normalized as a ratio to mouse 18S rRNA,
and the average MANF-to-18S rRNA ratio in Lamb2+/2 mice was set as one (n=3–4 mice
per genotype; mean6SD). *P,0.05; NS: not significant by ANOVA with Tukey multiple
comparison test. (C) Paraffin kidney sections from mice of the indicated genotypes were
examined by (c, f, and i) dual immunofluorescence staining (merge) of (a, d, and g) MANF
(red) and (b, e, and h)WT-1 (green) at P25. Arrows indicateMANF staining in the podocytes
of Tg-C321R glomeruli. Scale bar, 20 mm. (D) Isolated glomerular lysates from Lamb2+/2,
Lamb22/2;Tg-WT, and Lamb22/2;Tg-C321Rmice at P25were analyzed byWB for levels of
BiP, CHOP, MANF, and b-actin. The WB image shown is representative of at least three
independent experiments.
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glomeruli compared with the WT and
Tg-WT glomeruli at P24 (Figure 1B).
Collectively, these data show that
MANF is induced in ER-stressed podo-
cytes in the incipient stage of proteinuria
in our NS animal model.

To define MANF induction at the
subcellular level and whether MANF
was secreted in response to ER stress
triggered by theC321Rmutation, our cell
model harboring the C321R-LAMB2
mutation, which is located in the LEa
domain of b2, was used. In stably trans-
fected human embryonic kidney 293T
cells expressing Gaussia luciferase
(Gluc) –tagged WT or mutant b2-
amino–terminal and adjacent LEa do-
mains, we have shown previously that
the misfolded C321R protein upregu-
lates expression of BiP.10 In agreement
with the in vivo data, the C321R/Gluc
fusion protein significantly increased
MANF expression at both transcrip-
tional (Figure 2C) and translational
(Figure 2A) levels compared with the
WT/Gluc fusion protein. Treatments
with tunicamycin (TM), which blocks
N-linked glycosylation in the ER and
triggers ER stress, were included as pos-
itive controls (Figure 2A). Moreover,
confocal immunofluorescence micros-
copy revealed that the induced MANF
in C321R cells (Figure 2, B, d) overlap-
ped exclusively with ER–targeted green
fluorescent protein (GFP) (Figure 2, B,
d–f). More interestingly, a higher level
of MANF was detected in concentrated
conditioned medium from the C321R
cells compared with the WT cells (Figure
2D), corresponding to the MANF induc-
tion in the serum–starved C321R cells
versus WT cells (Figure 2D). To deter-
mine whether MANF was also secreted
from ER-stressed podocytes, primary
podocytes were isolated and cultured
from Lamb2+/2, Lamb22/2;Tg-C321R,
and Lamb22 /2 ;Tg-WT mice at P25.
Real-time PCR showed that the C321R
mutation increased MANF mRNA ex-
pression (Figure 2G). Most importantly,
as shown in Figure 2F, secretion of
MANF by Tg-C321R podocytes was eas-
ily detected in unconcentrated medium
and significantly higher compared with
that by WT and Tg-WT podocytes,

Figure 2. The C321R-LAMB2 mutation induces MANF expression and secretion in vitro.
The results in A–D and E–G were derived from stably transfected 293T-Gluc cells and
cultured primary podocytes of the indicated genotypes, respectively. (A) Cell lysates from
untransfected 293T cells or stable 293T transfectants expressing either theWT/Gluc or the
C321R/Gluc fusion proteinwere analyzed byWBwith the indicated antibodies. TM-treated
cells served as positive controls. (B) Accumulation of MANF in the ER of the C321R mutant
cells. 293T-Gluc cells were transduced with (b and e) CellLight ER-GFP (green), an in-
activated baculovirus expressing GFP fused to an ER signal sequence and KDEL. The cells
were then stained with (a and d) an anti-MANF antibody (red). Nuclei were counterstained
with (c and f) Hoechst 33342 (blue), and confocal images were acquired. Scale bars, 10mm.
(C) Quantitative RT-PCR for MANF mRNA in WT/Gluc and C321R/Gluc cells. Mean6SD of
fold changes of three independent samples from each clone. *P,0.05 versus WT control
by t test. (D) Immunoblot analysis for MANF secretion into the conditioned media of se-
rum–starved WT and C321R mutant cells. Stably transfected 293T-Gluc cells at 60%–80%
confluence were serum starved for 37 hours. The conditioned media were harvested,
concentrated, and subjected to WB together with the serum–starved cell lysates. (E) Pri-
mary podocyte cell lysates from age–matched Lamb2+/2, Lamb22/2;Tg-C321R, and
Lamb22/2;Tg-WT mice at P25 were analyzed by WB with the indicated antibodies. (F)
Immunoblot analysis for MANF secretion into the media by primary podocytes from the
indicated genotypes at P25. MANF secretion into the media was normalized to the cor-
responding cellular protein amount. (G) Quantitative real–time PCR analysis of MANF
mRNA in primary podocytes from Lamb2+/2, Lamb22/2;Tg-C321R, and Lamb22/2;Tg-WT
mice at P25. MANF expression was normalized as a ratio to mouse 18S rRNA, and the
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analogous to the analysis of urinary
MANF excretion as shown below.
MANF secretion by primary podocytes
was so rapid that no difference of MANF
expression in the podocyte cell lysates
was observed among different genotypes,
although Tg-C321R podocytes indeed
underwent ER stress as shown by induc-
tion of BiP andCHOP (Figure 2E). Taken
together, these results indicate that
MANF is an ER stress–dependent and se-
creted ERSR protein responding to the
effects of the C321R-LAMB2 mutant
protein.

Next, we determined whether MANF
was upregulated in renal tubular cells
under ER stress. Intraperitoneal injec-
tion of TM results in AKI characterized
by proximal tubular cell damage peaking
between 4 and 5 days after injection
because of activation of CHOP and sub-
sequent apoptosis of renal tubular cells.22

Whereas profound cortical tubular ne-
crosis, as manifested by tubular dilation
and loss of brush borders, was observed
in kidneys 5 days after 1 mg/kg TM in-
jection (Figure 3, A, g and h), no obvious
renal histopathologic changes (Figure 3,
A, d and e) or significant upregulation of
kidney injury molecule-1, an early kid-
ney injury marker, were observed after
24 hours (Supplemental Figure 1, E–H).
The glomeruli were spared during disease
progression (Figure 3, A, c, f, and i).
Correlating with renal morphologic
changes, BUN levels were elevated on
day 5 but not at 24 hours (Figure 3B).
In contrast, analysis of ERSR gene ex-
pression showed significant upregula-
tion of MANF mRNA along with BiP,
CHOP, and ER degradation–enhancing
a-mannosidase–like protein 24 hours
after TM injection versus day 5 after
injection or controls (Figure 3C). Fur-
thermore, MANF protein expression in
kidneys was higher at 24 hours compared
with day 5 postinjection or controls
(Figure 3, D and E). Dual immunostain-
ing for MANF and the proximal tubular
marker Lotus tetragonolobus lectin (LTL)

showed that MANF induction at
24 hours after TM treatment occurred
predominantly in the proximal tubules
but not in other tubular segments (Fig-
ure 3, F, e–g) or glomeruli (Figure 3, F,
d, h, and l). Double immunostaining of
MANF with ER stress markers protein
disulfide isomerase A3 (PDIA3) and
CHOP confirmed that induction of
MANF coincided with upregulation of
these ERSR proteins in renal tubules at 24
hours after TM injection (Supplemental
Figure 2). Together, these results directly
show that MANF is upregulated in ER–
stressed proximal tubular cells and pre-
cedes histologic and renal functional
changes in this TM–induced AKI mouse
model.

We further investigated whether
MANF was induced in tubular cells in
other forms of AKIwith tubular ER stress.
AKI secondary to ischemia-reperfusion
(I/R) is a common and potentially dev-
astating clinical problem. The current
treatment for AKI is mainly supportive
because of a paucity of early mechanistic
biomarkers. Growing evidence has
shown that ER stress plays an important
role linking ischemic insult and injury in
renal tubules.23,24 In an established
mouse I/R model, acute tubular necro-
sis was predominantly observed in the
corticomedullary junction area at
9 hours after reperfusion after bilateral
renal ischemia for 30 minutes (Supple-
mental Figure 3, A, c and d). Although
serum creatinine levels in the I/R-
injured mice were increased compared
with those in sham-operated mice, the
elevation did not achieve statistical sig-
nificance (Supplemental Figure 3B).
Meanwhile, ERSR genes, including BiP,
CHOP, and MANF, were upregulated at
transcriptional and translational levels
(Supplemental Figure 3, C and D).
Coimmunostaining of kidney sections
for MANF and LTL showed that
MANF induction occurred in injured
proximal tubular cells (Supplemental
Figure 3E).

Finally, we sought to determine
whether MANF from ER-stressed podo-
cytes or tubular cells was released into
the urine and hence, could be detected
in urine at an early stage of the disease.
Indeed, MANF immunoreactivity
(Abnova, Walnut, CA) was easily de-
tected in urine specimens from TM-
injected mice within 24 hours (Figure
4A), I/R-injured mice within 6 hours of
reflow (Supplemental Figure 3F), and
C321R mutants at the incipient stage of
NS (Figure 4D) but not in the controls.
Urinary MANF excretion in TM-
injected mice was not dependent on
albuminuria, which was not present
(Figure 4C). The prominent immunore-
active MANF band consistently mi-
grated at approximately 37 kD in urine
samples from mice with tubular ER
stress (Figure 4A, arrow, Supplemental
Figure 3F) and approximately 30 kD
from Tg-C321R mutants with podocyte
ER stress at the early stage of proteinuria
(Figure 4D), whereas the band at the ex-
pected position of MANF (Figure 4A,
arrowhead) was not always detectable.
The same pattern of MANF immunore-
activity in urine was observed with
another anti–MANF antibody (Protein-
tech, Chicago, IL) recognizing different
epitopes (Supplemental Figure 4, A and
B). In addition, a peptide competition
assay, an accepted method to confirm
the specificity of an antibody to its im-
munogen, showed that preincubating
the anti-MANF antibody with its immu-
nizing peptide, which does not share ho-
mology with any other proteins except
MANF, completely abolished binding
to the approximately 37-kD (Supple-
mental Figure 4C) and approximately
30-kD bands (Supplemental Figure
4D). To definitively prove that the ap-
proximately 37-kD band in urine from
AKI mice contains MANF, Manf2/2

mice25 and WT littermates were injected
with TM (1 mg/kg) or vehicle control.
MANF ablation completely eliminated
both the approximately 18-kD and

average MANF-to-18S rRNA ratio in Lamb2+/2 mice was set as one (n=4 mice per genotype; mean6SD). *P,0.05; **P,0.001; NS: not
significant by ANOVA with Tukey multiple comparison test. All WB images are representative of at least three independent experiments.
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approximately 37-kD bands in the urine
(Figure 4B). To confirm that the approx-
imately 30-kD band in urine from mice
with ER-stressed podocytes comprises
MANF, a liquid chromatography–
tandem mass spectrometry (LC-MS/
MS) analysis was performed on the
designated band in gel (Supplemental
Figure 5B) after enrichment of urinary
MANF by immunoprecipitation (Sup-
plemental Figure 5A). Mass spectrome-
try analysis identified MANF in the
approximately 30-kD band from the
urine of the C321R mutant mice (Sup-
plemental Figure 5C, Supplemental
Table 1). Together, these data confirm
the specificity of the anti-MANF anti-
bodies and show that the upper bands
(approximately 30 kD and approxi-
mately 37 kD) contain MANF. The
reasons for the different sizes in urine
observed by WB are currently unknown
but could result from different post–
translational modifications or either di-
merization or crosslinking to another
protein in the urinary milieu, which is
characterized by high concentrations of
sodium ion and urea and high osmolal-
ity at the tip of the loop of Henle. The
exact mechanism responsible for the for-
mation of the upshifted bands in the
urine warrants additional investigation.
Interestingly, urinary MANF excretion
increased during disease progression in
the nephrotic C321R mutants, with the
approximately 18-kD band becoming
more evident (Figure 4E). This most
likely reflects increased podocyte ER
stress, paralleling the accumulated mis-
folded b2 protein at 6 or 8 weeks of age.
These results show that urinary MANF
excretion coincides with podocyte or tu-
bular cell ER stress and precedes clinical
or histologic changes of the correspond-
ing disease.

In conclusion, our study has iden-
tified MANF as a mechanistic urine
biomarker for detecting ER stress in
podocytes or renal tubular cells in mice
noninvasively and early in disease devel-
opment. We will continue to validate this
novel urine biomarker in human kidney
diseases associated with ER stress. Exten-
sive potential clinical applications can be
envisioned as follows. (1) Hereditary

Figure 3. MANF upregulation in ER–stressed renal tubular cells precedes the histologic
changes and decline of renal function in a mouse model of TM-induced AKI. (A) Hema-
toxylin and eosin (HE) and periodic acid–Schiff (PAS) staining of paraffin kidney sections
from (a–c) control (DMSO vehicle injected) and (d–i) TM-injected (1 mg/kg intraperitone-
ally) mice: (d–f) 24 hours after TM injection and (g–i) 5 days after injection (n=5 mice per
group). Note the presence of extensive tubular dilation, epithelial flattening, tubular
basement membrane denudation, and loss of brush borders in the proximal tubules (ar-
rows in g and h) on day 5 and the absence of conspicuous lightmicroscopic changes on day
1 after TM injection. Scale bars, 40 mm. (B) BUN levels for the indicated groups: controls
(n=7), 24 hours after treatment with TM (1 mg/kg; n=8), and 5 days after treatment with TM
(n=4; mean6SD). **P,0.001 by ANOVA with Tukey multiple comparison test. (C) Quan-
titative RT-PCR showed relative transcript levels of ERSR genes, including BiP, CHOP,
endoplasmic reticulum degradation–enhancing a-mannosidase–like (EDEM ), andMANF,
in kidneys at the indicated time points after TM injection (1mg/kg) comparedwith controls.
Absolute levels were normalized first to those of GAPDH and then, to the levels in the
control kidneys (mean6SD). *P,0.05 byANOVAwith Tukeymultiple comparison test (n=5
mice per group); **P,0.001 by ANOVAwith Tukeymultiple comparison test (n=5mice per
group). (D) Whole-kidney lysates from mice treated with or without TM (1 mg/kg) at dif-
ferent time points were analyzed by WB for levels of MANF and b-actin. (E) Quantification
of MANF normalized to b-actin in kidney lysates in three independent experiments. The
average MANF-to-b–actin ratio in vehicle-treated mice was set as one (mean6SD).
*P,0.05 by ANOVA with Tukey multiple comparison test; **P,0.001 by ANOVA with
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proteinuric diseases, including congeni-
tal NS, familial FSGS, and Alport syn-
drome, caused by various podocyte
gene mutations. Increasingly more path-
ogenic genetic variants in podocyte genes
that may induce podocyte ER stress will
be identified with the recent advent of
next generation sequencing. (2) Diverse
sporadic nephropathies, including FSGS,
membranous nephropathy, minimal
change disease, and diabetic nephropa-
thy. Multiple studies have linked podo-
cyte ER stress to the pathogenesis of these
diseases in both experimental models26–28

and human kidney biopsies.29,30 (3) AKI
resulting from tubular ER stress (for ex-
ample, in the setting of ischemia injury
and hyperglycemia13,16,17). On the basis
of our mouse studies, MANF can poten-
tially serve as a urine biomarker for early
diagnosis, prediction of disease progres-
sion, and treatment response monitoring
in these podocyte ER stress– or renal tu-
bular ER stress–related kidney diseases.
MANF can also help identify subgroups
of patients with ER dysfunction who can
be treated with ER stress modulators in a
highly targeted manner.

CONCISE METHODS

Mice and Treatment with TM
The Lamb2 null, WT, and mutant Tg mice

and Manf null mice have all been described

previously.10,21,25 TM was purchased from

Sigma-Aldrich (St. Louis, MO), dissolved in

DMSO at 2 mg/ml, and injected intraperito-

neally at 1 mg/kg into 6- to 10-week-old

C57BL/6J mice (stock no. 000664; The

Jackson Laboratory, Bar Harbor, ME) and

8-week-old Manf null and WT littermates.

All animal experiments conformed to the

National Institutes of Health (NIH) Guide

for the Care and Use of Laboratory Animals

and were approved by the Washington

University Animal Studies Committee.

TM injection experiments conducted on

Manf2/2mice andWT littermates in Finland

were approved by the National Animal

Experiment Board in Finland (animal license

no. ESAVI/8189/04.10.07/2015).

Establishment of Stable 293T Cells
Expressing Gluc–Tagged LAMB2
Fragments
The stably transfected 293T-Gluc cells

carrying WT and site–directed mutant rat

LAMB2 fragments containing the b2-

amino–terminal and LEa domains were

generated, and individual clones were

selected as previously described.10 Estab-

lished clones were maintained in DMEM

(Gibco, Grand Island, NY) supplemented

with 10% heat-inactivated FBS (Gibco) and

25 mg/ml Zeocin.

Isolation of Mouse Glomeruli
Mice were perfused through the heart with

magnetic 4.5-mm-diameter Dynabeads

(Dynabeads M-450 Tosylactivated; Invitro-

gen, Carlsbad, CA). Kidneys were minced

into small pieces, digested by collagenase A

(Gibco) and DNAse I (Sigma-Aldrich),

filtered, and collected using a magnet. The

purity of glomeruli was .95%. The isolated

glomeruli retained intact mRNA integrity as

confirmed by RNA electropherogram.

Primary Podocyte Culture
Isolated glomeruli from Lamb2+/2, Lamb22/2;

Tg-C321R, and Lamb22/2;Tg-WT mice at

P25 were suspended in DMEM:Ham F-12

(2:1) that contained 0.45 mm filtered 3T3-L1

supernatant, 5% heat-inactivated FBS,

Insulin-Transferrin-Sodium Selenite liquid

media supplement, and 100 U/ml penicillin-

streptomycin; plated onto collagen type 1–

coated petri dishes; and incubated at 37°C

in room air with 5% CO2. After 3 days, cell

colonies began to sprout around the glomer-

uli. These cells (P0) showed an epithelial

morphology with a polyhedral shape when

confluence was reached and were character-

ized as podocytes by detection of the podo-

cyte-specific markers, WT-1 and nephrin, by

immunofluorescence staining. Only passages

1 and 2 podocytes from the indicated geno-

types were used in the in vitro studies.

Antibodies and Reagents
Commercially available antibodies were ob-

tained as follows: rabbit anti–mouse MANF

antibodies were from Abnova and Protein-

tech, goat anti–mouse MANF antibody was

from Santa Cruz Biotechnology (Santa Cruz,

CA), mouse IgG1 anti–mouse WT-1 and

mouse IgG2b anti–mouse CHOP (9C8)

antibodies were from Thermo Scientific

(Kalamazoo, MI), goat anti–mouse nephrin

antibody was fromR&D Systems (Minneapolis,

MN), and horseradish peroxidase (HRP)

–conjugated anti–mouse b–actin anti-

body crossreacting with human was from

Sigma-Aldrich. Alexa 488– and Alexa 594–

conjugated secondary antibodies were pur-

chased from Molecular Probes (Carlsbad,

CA). HRP–conjugated anti–rabbit secondary

antibody was from Santa Cruz Biotechnology.

Biotinylated LTL and anti-rabbit antibody

were from Vector Laboratories (Burlingame,

CA). CellLight ER-GFP *BacMam 2.0* and

Alexa 594–conjugated streptavidin were pur-

chased from Molecular Probes. Rat collagen

1 was from Trevigen (Gaithersburg, MD). Re-

combinant mouse MANF with a carboxyl–

terminal polyhistidine tag was obtained

from Sino Biologic Inc. (Beijing, China).

Immunofluorescence Staining and
Confocal Microscopy
Immunofluorescence staining on paraffin

sections was performed as described previ-

ously.10 For MANF staining in glomeruli,

kidneys were fixed by transcardiac perfusion

with 4% paraformaldehyde in PBS, and par-

affin-embedded sections were used. After

dewaxing, the antigen was retrieved by Re-

trievagen AWorking Solution (BD Pharmin-

gen, San Jose, CA) for 10 minutes at 89°C.

Nonspecific avidin bindingwas blocked by an

Avidin/Biotin Blocking Kit (Vector Laborato-

ries) before incubating kidney sections with

1% BSA for 30minutes at room temperature.

The slides were incubated with rabbit anti–

mouse MANF together with mouse IgG1

anti–mouse WT-1 antibodies. A biotinylated

anti–rabbit antibody was used to amplify

fluorescence signals for MANF followed by

Alexa 594–conjugated streptavidin and an

Tukeymultiple comparison test. (F) Double-immunofluorescence staining for (a, e, and i)MANF (green) and (b, f, and j) LTL (red) on paraffin
kidney sections frommice treated with vehicle or TM (1 mg/kg) at the indicated time points. Nuclei were counterstained with (c, d, g, h, k,
and l) Hoechst 33342 (blue). G, glomerulus. Scale bars, 40 mm.
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Alexa 488–conjugated anti–mouse secondary

antibody. For dual staining of MANF with

biotinylated LTL, MANF signals were not

amplified by using the biotin/avidin system.

Slides were analyzed under a fluorescence

microscope (Nikon, Tokyo, Japan).

For immunocytochemistry, 293T-Gluc

cells were seeded on coverslips coated with

5 mg/ml rat collagen 1 that was dissolved

in 0.02 M acetic acid on 24-well plates for

48 hours. After overnight transduction with

CellLight ER-GFP, the cells were fixed with

4% paraformaldehyde for 20 minutes, per-

meabilized with 1% Triton X-100 for 5 min-

utes at room temperature, and blocked with

1% BSA for 30 minutes at room temperature

followed by incubation with the rabbit anti–

MANF antibody (Abnova) overnight. The

coverslips were washed with PBS and incu-

bated with the Alexa 594–conjugated anti–

rabbit antibody and Hoechst 33342 to stain

nuclei. The coverslips were then mounted

with antiquench solution and visualized us-

ing Nikon TE-2000 Confocal Microscopy.

Light Microscopy
For light microscopy, kidneys were fixed in

4% paraformaldehyde, dehydrated through

graded ethanols, embedded in paraffin, sec-

tioned at 4mm, and stainedwith hematoxylin

and eosin and periodic acid–Schiff by stan-

dard methods.

WB Analyses
Stable 293T-Gluc cells, isolated glomeruli,

and primary podocytes were lysed by RIPA

buffer (Sigma-Aldrich) containing protease

inhibitor cocktail (Roche Diagnostics, Indi-

anapolis, IN). TM-untreated and -treated

kidneys were extracted using the same lysis

buffer with the protease inhibitors and ho-

mogenized by sonication. The protein con-

centrations of cell and kidney lysates were

determined by Bio-Rad Protein Assay (Bio-

Rad, Hercules, CA) using BSA as a standard.

Denatured proteins were separated on SDS-

PAGE and then, transferred to polyvinylidene

difluoride membranes. Blots were blocked

with 5% nonfat milk for 1 hour and then,

incubated overnight with primary antibodies.

The membranes were washed with Tris-

buffered saline/Tween buffer and incubated

with the appropriate HRP–conjugated second-

ary antibodies. The proteins were then visual-

ized in an x-ray developer using ECLplus

Detection Reagents (GE Healthcare, Waukesha,

WI). To ensure equal protein loading, the

same blot was stripped with stripping buffer

(25 mM glycine and 1% SDS, pH 2.0) and

then incubated with an HRP–conjugated

mouse anti–human (and mouse) b–actin

Figure4. MANF isanERstress–dependentmolecularmarker inurine. (A)Detectionof urinary
MANFwithin 24 hours of TM injection. Urines were collected for 24 hours after themice were
injectedwith vehicle or 1mg/kg TM intraperitoneally. Crude urine samples frommice treated
with vehicle (n=12) or TM (n=16) were analyzed by WB (Abnova) for MANF excretion. The
arrowheadmarks the expected position ofMANF (approximately 18 kD), and the upper band
markedby thearrow (approximately37kD) showed intenseMANF immunoreactivity. (B)Urine
specimens from Manf +/+ and Manf 2/2 mice (8 weeks of age; nine mice per genotype)
injected with vehicle (DMSO) or TM (1 mg/kg intraperitoneally) were assayed for MANF by
WB. The urines were collected within 24 hours of TM injection. (C) The same urine samples in
Awere analyzedby SDS-PAGE (1ml per lane) and stainedwithCoomassieBlue. BSAwas used
as a positive control. The arrow marks nonspecific tubular proteins on the gel. (D) Urinary
MANF excretion was assessed by WB from Lamb22/2;NEPH-C321R-LAMB2 mice and
their Lamb2+/2 littermates and age–matched Lamb22/2;NEPH-Tg-WT mice (n=10, n=10,
and n=4, respectively). Shown is one representative experiment at the indicated ages.
(E) Immunoblot analysis of MANF in crude urine specimens from one pair of Lamb2+/2 and
Lamb22/2;Tg-C321R littermates following the disease course. Shown is one representative
experiment. Two more independent experiments were performed with similar results. The
urinary MANF excretion was normalized to urine creatinine excretion, such that the urine
volume applied to the gel reflected the amount of urine containing 3 mg creatinine for A,
1.5 mg creatinine for B, 2 mg creatinine for D, and 1 mg creatinine for E.
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antibody. Relative intensities of protein bands

were quantified using ImageJ (NIH) analysis

software.

To examine secretion of MANF protein in

conditioned cell medium, equal numbers of

293T-Gluc cells expressing either the WT/

Gluc or the C321R/Gluc fusion protein at

60%–80% confluence were changed to se-

rum-free media. Thirty-seven hours later,

conditioned media were harvested and clari-

fied by centrifugation at 500 rpm for 5

minutes; 3.9 ml conditioned medium was

concentrated using Amicon Ultra 4 ml

(EMDMillipore, Billerica, MA ) before being

subjected to WB analysis. To determine se-

cretion of MANF from primary podocytes,

equal numbers of primary podocytes from

the indicated genotypes were plated, and

their media were harvested after 48 hours of

culturing before subjecting them to the WB

analysis. The MANF secretion was further

normalized to corresponding cellular protein

amount because of significantly slower

growth rate of Tg-C321R podocytes com-

pared with that of control podocytes. To

compare urinary MANF excretion, crude

urine samples from the indicated groups

that were normalized to creatinine were

applied to a gel.

mRNA Quantification by Real-Time
PCR
Total RNA from isolated glomeruli, whole

kidneys, the individual WT and mutant

293T-Gluc clones, or primary podocytes was

extracted using the RNeasy Kit (Qiagen,

Germantown, MD) with subsequent DNase I

treatment. 0.5 mg glomerular RNA or 1 mg

kidney and cellular RNAwas then reverse tran-

scribed using an RT-PCR Kit (Superscript III;

Invitrogen). Gene expression was evaluated by

quantitative real–time PCR; 1 ml cDNA was

added to SYBR Green PCR Master Mix (Qia-

gen) and subjected to PCR amplification (one

cycle at 95°C for 20 seconds and 40 cycles at

95°C for 1 second and 60°C for 20 seconds) in

anAppliedBiosystems7900HTFast Real-Time

PCR System (Life Technologies, Grand Island,

NY) using mouse 18S rRNA or GAPDH or

human b-actin as an internal control. Quanti-

tative PCR was conducted in triplicate for each

sample. The sequences of primers were mouse

MANF forward: TCTGGGACGATTTTAC-

CAGGA and reverse: CTTGCTTCACGG-

CAAAACTTT; human MANF forward:

CGGTTGTGCTACTATATCGGGG and

reverse: GGCCAGAGGCTTTGATACCT;

mouse BiP forward: TTCAGCCAATTATCAG-

CAAACTCT and reverse: TTTTCTGATG-

TATCCTCTTCACCAGT; mouse CHOP

forward: CCACCACACCTGAAAGCAGAA

and reverse: AGGTGAAAGGCAGGGAC-

TCA; mouse ER degradation–enhancing

a-mannosidase–like protein forward: CT-

ACCTGCGAAGAGGCCG and reverse:

GTTCATGAGCTGCCCACTGA; mouse

18S rRNA forward: GTAACCCGTTGA-

ACCCCATT and reverse: CCATCCAATC-

GGTAGTAGCG; mouse GAPDH forward:

TGTAGACCATGTAGTTGAGGTCA and re-

verse: AGGTCGGTGTGAACGGATTTG;

and human b–actin forward: GGCACC-

CAGCACAATGAAG and reverse: GGC-

ACCCAGCACAATGAAG.

BUN Measurement
BUNwas measured by using a QuantiChrom

UreaAssayKit (DIUR-500; BioAssay Systems,

Hayward, CA).

Urinalyses
Urine was collected from mice by manual

restraint or using a metabolic cage if 24-hour

urine collection was required, and it was

centrifuged (18003g for 10 minutes) to re-

move debris before processing for WB or al-

bumin gel analyses. Equal volumes of urine

(1 ml) were run on precast 12.5% SDS poly-

acrylamide gels and stained with Coomassie

Blue to visualize albumin. Urinary creatinine

concentration was quantified by a Quanti-

ChromCreatinine Assay Kit (DICT-500; Bio-

Assay Systems).
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