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Membranous nephropathy (MN), a type of glomerular nephritis, is the most common cause of nephrotic
syndrome in human adults. Changes in gene expression as a result of epigenetic dysregulation through
long noncoding RNAs (IncRNAs) are increasingly being recognized as important factors in disease. Using
an experimental MN mouse model, we identify the first dysregulated IncRNAs, Xist and NEAT1, whose

Keywords: levels are significantly upregulated in both tubular epithelial and glomerular cells. MN is also often

;'(r_‘CRNA characterized by glomerular podocyte injury. Treatment of a mouse podocyte cell line with lipopolysac-
ist charides to induce injury resulted in the stable elevation of Xist, but not NEATI levels. In mice, the

Membranous nephropathy cus . . . . . .

H3K27me3 observed changes in Xist levels are specific: Xist can be effectively detected in urine, with a strong corre-

lation to disease severity, but not serum in MN samples. We find that regulation of Xist may be controlled
by post-translational modifications. H3K27me3 levels are significantly downregulated in mouse MN
kidney, where chromatin immunoprecipitation experiments also showed decreased H3K27me3 at Xist
promoter regions. Finally, we show that our findings in mice can be extended to human clinical samples.
Urinary Xist is significantly elevated in urine samples from patients with different types of glomerular
nephritis, including MN, compared to normal counterparts. Together, our results suggest that a reduction
of H3K27me3 at Xist promoter regions leads to elevated levels of urinary Xist, which may be used as a

biomarker to detect MN.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Membranous nephropathy (MN), an autoimmune-mediated
glomerular nephritis characterized by in situ immune complex
deposition in the subepithelial space, is the most prevalent cause
of nephrotic syndrome in human adults [1,2]. In most MN cases,
deposition of immune complexes and subsequent responses, such
as inflammatory cytokines, complement activation, and oxidative
stress, are all involved in its pathogenesis [3,4|. Approximately
30-40% of patients with MN develop progressive renal impair-
ment, which results in end-stage renal failure after 10-15 years
[5]. Treatment for MN remains controversial and challenging due
to persistent adverse effects and a lack of specificity in present
immunosuppressive therapy [6]. Thus, there is a need for identifi-
cation of the regulatory mechanisms involved, and development of
biomarkers for early diagnosis and discrimination of MN severity.
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A large part (up to 70%) of the human genome is transcribed,
while only 2% encodes for proteins [7]. Recent studies have shown
that a subtype of noncoding RNAs, long noncoding RNAs (IncRNAs),
play important roles in disease [8]. A major function of IncRNAs is
modulation of the epigenetic status of protein-coding genes
through cis- and trans-acting mechanisms, such as recruitment
of chromatin remodeling complexes to specific genomic loci [9].
Importantly, IncRNAs are often expressed in a disease-, tissue-, or
developmental stage-specific manner, which makes these mole-
cules attractive candidates for biomarkers and therapeutic targets
[10]. However, current knowledge of IncRNA function remains lim-
ited to cancers, and some cardiovascular and neurodegenerative
diseases [11]. This study identifies the first dysregulated IncRNAs
in an experimental MN model.

2. Materials and methods
2.1. Animal
All animal procedures were performed according to IACUC-

approved protocol (TSGH 12-280). 6 week-old female BALB/C
(National Laboratory Animal Center, Taiwan) mice were maintained
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in micro-isolators in pathogen-free conditions. At the end of exper-
iments, mice were sacrificed for kidney and spleen removal.

2.2. Murine model of membranous nephropathy

Membranous nephropathy was induced as previously described
[12,13]. Both control and experimental groups were immunized
with 0.2 mg cationic bovine serum albumin (cBSA; Chondrex, Red-
mond, USA) emulsified in an equal volume of complete Freund’s
adjuvant (Sigma, St. Louis, USA). After 2 weeks, mice from the
experimental group were injected intravenously with 5 (low-lose)
or 13 (high-dose) mg/kg of cBSA 3 times weekly for an additional
6 weeks. Mice from the control group received saline according
to the same schedule.

2.3. Quantitative RT-PCR (RT-qPCR)

See Supplementary content for details.

2.4. Hematoxylin and eosin staining (HE), immunofluorescence (IF)
and immunohistochemistry (IHC)

Renal tissue samples were prepared by snap-freezing, then
fixed with acetone for IF or 10% formalin for HE and IHC. HE stain-
ing, IF and IHC were performed as previously described [14,15].
Frozen sections were incubated with fluorescein isothiocyanate-
conjugated goat anti-mouse IgG and C3 (Capple, Durham, USA).
Paraffin embedded sections were incubated with antibodies listed
in Table S2, stained with the Vectastain Elite ABC kit (Vector Lab,
Burlingame, CA), developed using DAB (brown precipitate, Vector
Lab), and observed using a fluorescence and light microscope
(Olympus, Tokyo, Japan).

2.5. RNA in situ hybridization (ISH) on frozen tissues

ISH was performed according to QuantiGene ViewRNA proto-
cols. 5 um sections were cut, boiled in pre-treatment solution,
and digested with proteinase K. Sections were hybridized with cus-
tom-designed QuantiGene ViewRNA probes against NEAT1 and
Xist. Bound probes were then amplified using PreAmp and Amp
molecules (all reagents from Affymetrix, Santa Clara, USA). Multi-
ple Label Probe oligonucleotides conjugated to alkaline phospha-
tase were then added and Fast Red Substrate used to produce
signal (Cy3). Images were collected on a spinning disk confocal
microscope (Ultra View; PerkinElmer, Boston, USA). Fluorescence
intensity was measured using MetaMorph software.

2.6. Protein extraction and western blot analysis

See Supplementary content for details.

2.7. Chromatin immunoprecipitation quantitative PCR (ChIP-qPCR)
assay

ChIP was performed as previously described [16]. ChIP product
was analyzed by quantitative real-time PCR using the Applied Bio-
system 7500 Real-Time PCR System. Experiments were done in
triplicate. A fraction (1%) of the sonicated chromatin was set aside
as input control before antibody affinity manipulations. Percent
input was calculated by 100 x 2~(Ctadiusted Input _ c¢IPy - pyrified
DNA was subjected to qPCR, using specific primers for mouse Xist
promoter: region 1 (—399 to —473), 5-TGAGCGTAAGCCCACC
AAAT-3' and 5-TGCCTCACAAAATGGCTCCT-3’; region 2 (-4 to
—70), 5'-GCAATCTTTGTGGCCACTCC-3’ and 5'-CACGCCTTTA ACTG
ATCCGC-3'.

2.8. Cell culture and treatment of cultured podocytes with
lipopolysaccharide (LPS)

E11 podocytes were obtained from the CLS cell lines service.
The E11 cell lines, previously described in detail [17], were main-
tained in RPMI-1640 supplemented with 10% fetal bovine serum
(FBS), and penicillin/streptomycin at 33 °C under a humidified
atmosphere of 5% CO%. E11 cells at 50% confluence were thermo-
switched from 33 °C to 38 °C for 14 days. Differentiated podocytes
were maintained in serum-free RMPI-1640 for 24 h prior to treat-
ment with purified Escherichia coli LPS from the O111:B4 strain
(Sigma). Experiments were conducted in triplicate using 50 ug/ml
LPS to study RNA expression by RT-qPCR at 1 h and 6 h.

2.9. Collection of urine samples and RNA isolation

A total 20 urine samples from 8 normal and 12 patients diag-
nosed with glomerular nephritis (at the Division of Nephrology,
Tri-Service General Hospital, Taiwan) were obtained. All Institu-
tional Review Board-approved protocols (TSGH 102-05-020) were
followed. Total RNA was extracted from urine using TRIzol (Life
Technologies). 500 uL urine was mixed with 500 uL TRIzol and
200 uL chloroform, then total RNA was isolated from the resulting
supernatant using NucleoSpin RNA II kit (Macherey Nagel). Rela-
tive expression was determined by the following calculation where
the threshold cycle (Ct) scores of target is normalized to reference
(only assays with Ct values below reference = 38.4439) and relative
to calibrator sample. Relative expression = 222, where AACt =
(Cttarget - Ctreference) - (thalibrator sample — Ctreference)-

2.10. Statistical analysis

All analyses performed with SigmaPlot software.

3. Results

3.1. NEAT1 and Xist are upregulated in kidneys with experimental
membranous nephropathy

Polycomb repressive complex (PRC2), a key epigenetic regulator
in multicellular organisms, catalyzes di- and tri-methylation of
lysine 27 on histone H3 (H3K27me2/me3). In mammals, PRC2
plays crucial roles during development and disease pathogenesis.
Remarkably, more than 20% of IncRNAs in both human and mouse
are bound by PRC2 [18]. Here, IncRNAs can modulate binding
between PRC2 subunits, binding affinities of PRC2 for chromatin,
and PRC2 catalytic rates [18]. Thus, some of PRC2-binding IncRNAs
may be used as biomarkers and therapeutic targets for human dis-
ease. To test whether PRC2-binding IncRNAs are dysregulated in
kidneys during the pathogenesis of experimental MN, we analyzed
publicly-available PRC2 RIP-Seq data sets generated with mouse
embryonic stem cells (ESCs) [19]. RPKM (reads per kilobase per
million mapped reads) values were compared to select PRC2-bind-
ing IncRNAs from the data set. With a stringent threshold of
RPKM > 2 to eliminate false positives and background, a total of
seventeen IncRNAs were chosen for subsequent testing.

Using a previously described method that induces MN, we
immunized mice with either a high or low dose cationic bovine
serum albumin (cBSA) to induce two different degrees of kidney
damage [12,14]. As shown in Fig. 1A, MN severity correlates with
pathological changes in kidney samples, including a diffuse thick-
ening of the glomerular basement membrane, as well as increased
levels of complement C3, IgG, and urinary protein (Fig. 1B) when
compared to control samples. In these experimental conditions
and using quantitative RT-PCR (RT-qPCR), we tested for changes
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Fig. 1. NEAT1 and Xist are upregulated in kidneys with experimental membranous nephropathy (MN). (A) Kidneys from the control (ctrl) group and MN groups treated with
either a high or lose dose of cationic bovine serum albumin (cBSA). Shown are H&E staining (left), and immunofluorescence of complement C3 (middle) and IgG (right). (B)
Protein levels in urine expressed as a urinary protein/creatinine ratio. n =10 or 14 mice per group. **P < 0.01 (C) RT-qPCR to determine expression level of PRC2-binding
IncRNAs from renal tissue of experimental MN or control mice. Data are presented as the mean + SEM from three mice. *P < 0.05; **P < 0.01. (D) RNA in situ hybridization to
visualize NEATT and Xist (red) in MN or control kidney samples. Metamorph was used to quantify RNA intensity (right panel), which are shown with arbitrary units (a.u.). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

in expression level of PRC2-binding IncRNAs in kidneys. We found repressor) and Jpx (an activator), that control Xist expression by

NEAT1 and Xist to be significantly elevated in MN kidney samples, modulating chromatin structure and histone modifications at the
with a positive correlation to MN severity (Fig. 1C). Similar results Xist promoter [20]. RT-qPCR results show that in MN kidneys, Jpx
were also observed from glomerulus with MN (data not shown). In is upregulated while Tsix becomes downregulated, consistent with

addition, we tested two known regulators of Xist, Tsix (an antisense an increase in Xist expression in affected kidneys (data not shown).
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As an independent test for NEAT1 and Xist levels, we used in situ
hybridization to visualize the IncRNAs; both NEAT1 and Xist levels
were increased in tubular epithelial and glomerular cells from MN
mice compared to control mice (Fig. 1D).

Podocytes, glomerular epithelial cells, play a critical role in the
architecture and function of normal glomerulus. Podocyte injury
has been observed in many human and experimental models of
glomerular nephritis, including MN, minimal change disease
(MCD), rapidly progressive glomerulonephritis (RPGN), and
diabetic nephropathy (DN). Lipopolysaccharides (LPS) can induce
podocyte injury both in vitro and in vivo [17], so we treated E11
podocytes with LPS to independently test whether Xist and NEAT1
would become upregulated (Fig. 2A). When treated with LPS, Xist
expression became stably elevated (both 1h and 6 h after treat-
ment). NEAT1 expression, on the other hand, did not maintain its
elevated state. Similar to previous results using MN models, we
find Xist expression to be upregulated in podocyte cells when
injury is induced.

3.2. Xist expression is significantly elevated in both ascites and urine of
MN mice

In prostate cancer, elevated levels of IncRNAs are released and
can be detected in bodily fluids [21]. To test if IncRNAs are similarly
released from MN kidneys, we detected NEAT1, Xist, and H19 (as a
negative control) levels in ascites from experimental MN mice. In
line with previous RT-qPCR results, NEAT1 and Xist were highly
expressed in ascites, whereas H19 was not (Fig. S1). Ascites may
arise from many different causes, however, and is not specific to
kidney failure. Furthermore, not all mice develop ascites, so NEAT1,
Xist, and H19 expression were also tested in both urine and serum.
In urine from MN mice, Xist levels were significantly higher than
that from control mice, whereas NEAT1 and H19 levels were similar
between the two groups (Fig. 2B). It is possible that NEAT1, essential
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for the structural integrity and formation of paraspeckles [22], is
more retained in the nucleus, and thus not released into urine like
Xist. Serum from MN and control mice contained similar levels of all
tested IncRNAs (Fig. 2C), indicating that the effect is specific to
kidney failure. Using urinary protein levels as an indicator for MN
severity, we were able to observe a strong positive correlation
between urinary Xist and MN severity (Fig. 2D).

3.3. H3K27me3 is reduced at Xist promoter regions in MN kidneys

It is well-documented that Xist upregulation leads to X chromo-
some inactivation by recruiting factors that mediate H3K27me3,
which represses gene expression across the chromosome [23].
Since we found Xist expression to be significantly higher when
MN is induced, we wanted to test whether this had any effects
on the post-translational modification (PTM) status of MN kidneys.
Samples from MN and control groups were compared by Western
blot analysis with antibodies against specific modifications
(Fig. 3A). Interestingly, elevated Xist levels in affected kidneys did
not result in more H3K27me3. On the contrary, H3K27me3 levels
in MN kidneys were lower than in control kidneys. Alongside
H3K27me3, we also compared the methylation patterns at other
lysines: H3K9me3 and H3K36me3 were similarly reduced in MN
mice, while H3K79me3 was slightly increased (Fig. 3A). Focusing
on H3K27me3 (the most reduced modification in MN mice) and
H3K79me3 (the only increased modification), immunohistochem-
istry was employed to independently test differences in PTM status
(Fig. 3B). Consistent with Western blot results, we observed
decreased H3K27me3 and slightly increased H3K79me3 levels in
the glomerular and cortical tubular cells of MN mice compared
to control counterparts.

Lower levels of H3K27me3 (an indicator of heterochromatin
[24]) and increased H3K79me3 (associated with euchromatin
[25]) in MN mice suggests that these modifications control the
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Fig. 2. Xist expression is significantly elevated in both LPS-treated podocytes and urine of MN mice. (A) E11 podocyte cells were treated with or without LPS. RNA expression
levels from LPS-treated podocytes were determined by RT-qPCR. Data are presented as the mean * SEM from three independent experiments. “*P < 0.01. (B and C) RT-qPCR to
show relative expression levels of the stated IncRNAs in urine (B) and serum (C) from control (Ctrl) or experimental MN mice. N.D., not detected. **P < 0.01. (D) Regression
analysis shows a significant correlation between Xist expression and urinary protein levels.
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Fig. 3. H3K27me3 is reduced at Xist promoter regions in MN kidneys. (A) Lysates from MN renal tissue were immunoblotted with antibodies against the indicated
modifications. Relative protein levels were determined by Image] densitometry analysis (left panel). (B) Immunohistochemical detection of H3K27me3 and H3K79me3 in
renal tissue from MN or control (Ctrl) mice. (C) Chromatin immunoprecipitation (ChIP) assays were performed with antibodies against H3K27me3, H3K79me3, or an IgG
control. Subsequent qPCR analysis was carried out using primers specific for 2 promoter regions of Xist. Input represents 1% of the chromatin used for immunoprecipitation.

Data are presented as the mean + SEM from three mice. **P < 0.01.

expression of Xist in disease. To test whether these changes are
reflected on the Xist promoter, chromatin immunoprecipitation
(ChIP) experiments were performed with antibodies against
H3K27me3 or H3K79me3 (Fig. 3C). Two distinct promoter regions
of Xist were tested, and we found significantly decreased
H3K27me3 in both regions when comparing MN mice to controls.
A slight increase of H3K79me3 at both regions was also observed,
although the difference was not statistically significant (P > 0.05).
Taken together, our data suggests that decreased H3K27me3 at
the Xist promoter leads to elevated Xist expression when MN is
induced.

3.4. Xist expression is significantly elevated in urine from patients with
glomerular nephritis

In both our experimental MN mouse model and LPS-treated pod-
ocyte cells, we observed increased Xist expression. In the MN mouse

model, especially, elevated Xist was readily detected in urine, sug-
gesting its potential as a biomarker for MN. To determine if urinary
Xist is specific for MN in humans, we measured levels of urinary Xist
and p-actin (as a control) from 12 patients with various types of
glomerular nephritis, including MN, DN, MCD, RPGN, GN, and 8 nor-
mal samples (details are listed in Table S3). Notably, Xist expression
was significantly increased in patients with glomerular nephritis,
including MN, compared to normal counterparts (Fig. 4A); and no
differences were apparent in p-actin levels between the two groups
(Fig. 4B). A positive correlation also exists between urinary Xist
levels and urinary protein levels (r=0.5032, P=0.0237), but not
between urinary p-actin levels and urinary protein levels
(r=0.1622, P = 0.4945). However, we found no correlation between
urinary Xist levels and specific types of glomerular nephritis
(Table S3). Our results suggest that urinary Xist, though not specific
for MN, can be used as a general biomarker to detect glomerular
nephritis.
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Fig. 4. Xist expression is positively correlated with glomerular nephritis incidence
in human urine samples. (A and B) RT-qPCR was used to measure RNA expression
from normal or glomerular nephritis patient samples. Shown are Xist (A) or p-actin
(B) relative expression levels in normal or glomerular nephritis patient samples.
N.D., not detected. N.S., not significant.

4. Discussion

The elevated Xist and NEAT1 expression profiles in experimental
MN kidneys highlighted the potential value of these IncRNAs in
pathogenic mechanism. NEAT1 is essential for the structural
integrity and formation of paraspeckles [26], which are critical
for control of gene expression through the nuclear retention of
adenosine-to-inosine editing mRNA [26]. Through this mechanism,
paraspeckles and their components may have a role in controlling
gene expression during disease processes [26]. Moreover, Xist is
continuously expressed throughout the female lifespan, decorating
the X chromosome during the initiation of X chromosome inactiva-
tion [27]. A few recent studies have documented distinct changes
in Xist expression in response to different stimuli. For example,
increased Xist levels in the brain were observed when fetal mice
were exposed to diesel exhaust [28]. Similar increases in Xist
expression were also found in response to HDAC inhibitor treat-
ment for breast cancer, or chemotherapy for ovarian cancer
[29,30]. These findings raised an interesting question of whether
Xist can protect cell against damage. However, it remains unclear
whether NEAT1 and Xist contribute to MN or if they become altered
as a consequence of MN. Further studies are required to dissect the
role of NEATT or Xist in experimental MN models using conditional
gene knockout or transgenic mice studies.

Taken together, our data suggests that decreased H3K27me3 at
the Xist promoter leads to elevated Xist expression when MN is

induced. Post-translational modifications of histones often play
important roles in the development of diseases [31]. In renal ill-
nesses, for example, it has recently been shown that a global
decrease of H3K9me1l indicates poor prognosis for patients with
renal cell carcinoma [32]. Here, we find that H3K27me3 is signifi-
cantly downregulated in kidneys with experimental MN. Further
studies, however, are needed to clarify the role of H3K27me3 and
its target genes, such as Xist, in MN pathogenesis.

The critical 5’ region of Xist is well-conserved between human
and mouse [33]. Since IncRNAs are more structured and stable than
mRNA transcripts, they may be easier to detect in bodily fluids such
as urine or blood. Indeed, we find that increased levels of Xist can be
readily detected in urine collected from both MN mouse model and
human glomerular nephritis samples, including MN. Moreover, the
function of Xist remains largely unknown in males, where it
maintains a low expression level. In females, however, Xist is impor-
tant for X chromosome inactivation and is highly expressed [34].
Thus, it may be an especially useful biomarker for females. Accord-
ingly, we find that no significant correlation exists between urinary
Xist levels and urinary protein levels in male patients with glomer-
ular nephritis, including MN (r = 0.4767, P = 0.0996, n = 13, data not
show). Furthermore, proteinuria is one of the most common symp-
toms of glomerular nephritis. Here, we find a significantly correla-
tion between urinary Xist levels and urinary protein levels in
experiment MN model and patient with glomerular nephritis. Nota-
bly, urinary Xist cannot be detected in patient without proteinuria
(sample 14 in Table S3). These results further support the notion
that urinary Xist is a potential biomarker for glomerular nephritis.
Clinically, use of urinary Xist as a biomarker for glomerular nephri-
tis may help to better identify patients that require hospitalization
and urgent immunosuppressive therapy.
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